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PREFACE
The 1983Appllcatlonsof Tethersin SpaceWorkshopwas an
importantforumfordiversityof scientificand englneerlngoplnlon
abouttheprospectiveusesof tethersin space. The technical
arguments,givenin theresultlngWorkshopproceedlngs,supportlngthe
developmentof theTetheredSate11IteSystemare carefullyreasonedand
thoroughlysound. The scientificusesof thenew facilityare striking
in theirimportanceand breadth.0verall,we are veryimpressedwith
the sheerenthusiasmwhichpervadestheentiredocument.It is clear
thatthiscooperatlveU.S./Itallanprojecthas struckmanyresonances
with a broadrangeof potentialusersof spaceplatforms.
In fact,we wonderif the supportgivento theTetheredSatellite
Systemisn'tan expressionof technicalpleasurederivedfromthequick-
eningpulseof manklnd*sabilityto exploreandutilizespace. The
opportunityto conductoperationsfrommultiplePlatformsorbitingEarth
can be viewedas anotherllberatlonstepin our abilityto move freely
throughouthe solarsystemand,perhaps,evenintodeepspace.
The presentations contained withinthe Workshop Proceedings
consider many different applications. Some of the topics are clearly
more mature, in a technical and scientific sense, than others. Yet,
this is the time to have speculative thoughts and novel ideas. The
passage of time and confrontations with technical and fiscal reality
will winnow the collection into a harvest of rich technical producti-
vity.
We commend these proceedings to the reader as an important
m
document demonstrating both curent engineering and scientific percep-
tions concerning tethers in space and as a guide to many ideas whose
time will come in the future.
Peter Banks
Carlo Buonsiorno
I December 1983
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FOREWORD
The"Applicationsof Tethersin Space"Workshopwasheldat
Williamsburg,Virginia,on 15-17June 1983. Theworkshopwas sponsored
by the Officeof SpaceTransportation(OST)andMarshallSpaceFllght
Center(MSFC)of the NatlonalAeronauticsand SpaceAdministration(NASA).
The goalsof theworkshopwere:
• To providea focusfor,anda reviewof,technological
opportunities and requirements for the application of
tethers in space.
• To briefaerospaceplannersand speclallstson the
nation'sspaceprogramplansfor the TetheredSatellite
System(TSS)and on NASA'scurrenteffortsfor
developingeffective,tetherapplications.
• To delineate a data-base of methods, techniques, and
technologies whlchmay prove effective in the design
and development of tether systems for use in the space
program.
• To aid in planning OST's tether applications program
by identifying applications technological needs and
promising research topics and approaches.
• To insure that all parties involved are aware of
significant programs in industry, academia, government
and internationally which may be helpful in determin-
ing optimal tether roles for future space missions.
The workshop served to continue the dialogue between the tether
community and the space program's planners, researchers, and operational
staff. The focus for continuing this dlaloguewill be a tether research
program which is being supported by NASA's Office of Space Transportation
to begin in 1984. The goal of the research program is to develop an
empirical data base for determining application optimal roles, procedures,
and interfaces for a tether space program. This includes ground
operations as well as on-orblt operations.
v
This report contains copies of all the presentations given
(Sessions l-IV) and the reports of the working group (Session V). In
most cases, the presentations were made with overhead transparencies,
and these have been published two to a page. The author's explanatory
text is presented on the facingpage: ......
! December 1983
,Washington, D.C.
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SESSION I
INTRODUCTION
1-1

WELCOME_ORIENTATIONAND PURPOSE
WllllamR. Marshall
MarshallSpaceFlightCenter
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WELCOMINGADDRESS
WILLIAM R. MARSHALL
DIRECTOR, PROGRAM DEVELOPMENT
GEORGE C. MARSHALL SPACE FLIGHT CENTER
Within NASA we have been talking about tether satellites for
about six or seven years, and the history of the tethers in space ideas
goes back to well over eighty years. Presently, we are in the process
of discovering the many useful applications of tethers in space.
We have started the development of a tethered satellite which
will be released by a winch carried in the Shuttle orbiter. A downward
release will enable upper atmospheric research and an upward release
will allow the study of electrodynamlc interactions between tether and
space plasma.
There is much room for new ideas with tethers in space. Many new
concepts have already been generated, and I hope that this workshop will
generate many more tether applications together with an assessment of
the scientific benefits as well as of technology issues and of the
engineering feasibility of the various Concepts.
I believe that the discussions we are going to have during the
next few days will be very fruitful, particularly, because we have
people with ideas and expertise as members of the six panels that have
been established.
During the first morning we will hear about ideas and concepts
that are currently being studied. I hope that these presentations will
set the stage for real productive panel sessions over the next two days
and stimulate new thoughts and applications. On the last day we will
concentrate on the best approaches and listen to the findings of the
individual panels.
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Let me mention a few of our past efforts in tether applications
(Fig. I). We had a Stranded Astronaut Rescue Study many years ago which
investigated the capturing of astronauts by a long tether. During 1967
we studied a tethered Apqllo Telescope Mount versus one that was hard-
docked to the Skylab. During this workshop we will hear more about the
use of tethers in lleu of hard-docking between two spacecraft. During
the Gemini program we also carried out a tether experiment.
_IUTTLE/TETIIEREDTATELL[T[SYSTEfI
PRIORACTIVITIES:
. STRANDEDASTRONAUTRESCUESTUDIES(BUOYONA TETHER)
MARQUARDTCORPORATION(1963)
- ANALYTICALMECHANICSA SOCIATES,INC. (1972)
. APOLLOTELESCOPEMOUNT/ORBITALWORKSHOPSTUDIES(TETHERVS. HARDOCKING)
- MARSIIALLSPACEFLIGItTCENTER(1967)
. GEMINIXI ANDXII TETHEREXPERIMENTS(1967) (TETtlEREDGEMINIANDAGENA
VEHICLES)
. "SKYIIOOK"PROPOSALFORLOWALTITUDETETHEREDSATELLITEORBITALRESEARCII
- SMITHSONIANSTROPHYSICALOBSERVATORY- DR.COLOMBO(1974)
• TETHERTENSIONCONTROLLAW(FEASIBILITYOFDEPLOYING,STABILIZINGAND
RETRIEVING)
MARSHALLSPACEFLIGIITCENTER(1975)
. ADDITIONALFEASIBILITYSTUDIES(DYNAMICS,CONTROL,TttERMO,COMMUNICATIONS)
MARSHALLSPACEFLIGHTCENTER(1976)
Figure I.
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In 1974 Dr. Colombo, who is participating in this workshop,
developed the initial idea of a tethered satellite which we have been
refining over the years and which now has reached the hardware stage.
Since 1975 we developed tension control laws and dynamic simulation
models (Fig. 2) of long tethers which are rather involved and complex.
This was done in cooperation with the Martin Marietta Aerospace
Corporation and with Ball Aerospace. We also worked with the European
Space Agency and with the Smithsonian Institution since the late '70's.
Quite a number of feasibility studies and facility requirement definition
took place.
_HUTTLEITETIIEREDSATELLITESYSTE/'I
PRIORACTIVITIES(CONT'D)
, TETHERSYSTEMDYN_ICSANALYSES(CONFIRMEDEARLYSTUDIES)
- EUROPEANSPACEAGENCY(1976)
- I_HFANDASSOCIATES(1976)
- SMITHSONIANASTROPIIYSICALOBSERVATORY(19Z7)
, CONCEPTUALDESIGNSTUDY(PIIASEA III-IIOUSE)
MARSHALLSPACEFLIGIITCENTER(1976)
• FACILITIESREQUIREMEFITSDEFINITIONTEAMESTABLISHED(1978)
, PIIASEB STUDIES
BALLAEROSPACEANDMARTINMARIETTA
COMPETITIVEANDPARALLEL
1977-80
, COOPERATIVEPROGRAMWITIIITALY
Figure 2.
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These efforts were headed by Dr. Peter Banks with various members
of o_her universities (Fig. 3). In addition to the facility require-
ments definition, this group identified Specific investigations and
detailed scientific requirements (Fig. 4). The final report represented
the justification for theNASA administration to start the tethered
satellite system project (Fig. 5). A final study, still in progress
with Martin Marietta Aerospace Corporation, resulted in the first hard-
ware construction. There is in existence now a cooperative program with
the Italian government.
TETHEREDSAIEtI.IIESYSTEH
FACILITYREQUIREMENTSDEFINITIONTEAM (FRD[)
SPONSOR: NASA.OSS/MSFC
CHAIRMAN: DR. PETERBANKS UTAIISIAIEUNIVERSIIY
MEMBERS: DR. JAMESBURCH SOUTIIWESTRESEARCH[NSTITUIE
DR GEORGECARIGNAN UNIVERSITYOF MICHIGAN
DR PAULCOLEMAN •UNIVERSIIYOF CALIFORNIA,L.A.
DR GUISSEPICOLOMBO SMITHSONIANASTROPHYSICALOBSERVATORY
DR FREDRICKCRAWFORD ' STANFORDUNIVERSITY
DR DAVIDEVANS NOAASPACEDISTURBANCELABORATORY
DR MARIOGROSSI SMIrlISONIANSrROPIIYSICALOBSERVAIORY
DR KENNETIIHARKER STANFORDUNIVERSITY
DR. PAULHAYS UNIVERSITYOFMICIIIGAN
DR. ROBERTHELLIWELL STANFORDUNIVERSITY
DR. ROBERTHOFFMAN GODDARDSPACEFLIGHTCENTER
DR. UMRAN [NAN STANFORDUNIVERSITY
DR. ROBERTREGAN PHOENIXCORPORATION,RESTON,V[RGINIA
DR. RAYMONDROBLE NATIONALCENTERFOR ATMOSPIIERICRESEARCH
MR. NELSONSPENCER GODDARDSPACEFLIGHTCENTER
DR. NOBIESTONE MARSHALLSPACEFLIGIITCENTER
DR. JAMESWALKER UNIVERSITYOF MICIIIGAN
DR. P.R.WILLIAMSON UTAHSTATEUNIVERSITY
Figure 3.
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TETHEREDSATELLITESYSTEM
FACILITYREQUIREMENTSDEFINITIONTEAM(FRDT)
OBJECTIVES:
1. IDENTIFYSCIENTIFICINVESTIGATIONSWIIICtlWILLBENEFIT
FROMTIlETETHEREDSATELLITESYSTEM(TSS).
2. DEFINEDETAILEDSCIENTIFICREQUIREMENTSOFTHESHUTTLE/TS
SYSTEMFORTHESEINVESTIGATIONS.INCLUOEENGINEERINGAND
OPERATIONALASPECTS.
3. SUGGESTEVERALSCIENTIFICINVESTIGATIONSFORFIRST,
PREDOMINANTLYENGINEERINGDEMONSTRATION,MISSION.
4. PREPAREREPORTSUMMARIZINGCONCLUSIONSANDRATIONALE.
SUITABLEFOROSSPEEREVIEWPROCESS.
EMPliASISIS TOBEONOSSSCIENCEDISClPLINES(ELECTRODYNAMICS,
SPACEPLASMAPHYSICS,ATMOSPIIERICPilYSICS)
Figure4.
TETtlEREDSATELLITESYSTEM
FRDTCONCLUSIONSANDRECOMMENDATIONS:
THETSSREPRESENTSAN IMPORTANTOPPORTUNITYTOCONDUCT
UNIQUECLASSESOFSCIENTIFICNVESTIGATIONS.
o NASASHOULDPROCEEDWITHDEVELOPMENTOF SSCAPABLE
OFACCOMMODATINGA BROADRANGEOFUSERS.
o INVESTIGATIONOPPORTUNITIESSIIOULDBEAVAILABLETHROUGII
NASAANNOUNCEMENTOFOPPORTUNITYPROCESS.
o REUSABLE,MULTIPLEINSTRUMENTCARRIERSHOULDBEDEVELOPED
ANDPROVIDEDFORELECTRODYNAMICANDFORATMOSPHERIC
EXPERIMENTS.
e OPPORTUNITYSHOULDBEPROVIDEDFORTSSEXPERIMENTS[O OPERAIE
INCONJUNCTIONWITHSFIUTILESYSTEMS,PALLET-BASEDINSTRUMENTS
ANDSPACELABINSTRUMENIS.
Figure 5.
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About five years ago we carriedout a tether satellitesystem
missionworkshop(Fig.6)attheuniversityofAlaba_i..u.tsville.
we developedpayloadrequirementsand assessedtechnologycon-There
cepts. Candidatemissionswere discussedand their implementation
requirements.
The tetheredsatellitesystem is now becoming an on-goingprogram
and it is appropriateto look for expansionsof the idea. That is the
purposeof this workshop and we hope that out of our discussionswill
come more ideas and applications.
SHUTTLE/TETIIEREDSAIELLIIESYSIEM
TETIIERMISSIONS (REF.NASA/UAHTSS WORKSHOP,MAY 1978)
• REQUIREMENTSFORPAYLOADESIGN.
BASEDFIRMLYONWELLDEVELOPEDTECIINOLOGY.
- FAIRLYSIMPLE,
- YIELD INTERESTINGAND APPLICABLESCIENTIFICRESULTS.
• PRELIMINARYCANDIDATES
- TETIIEREDMAGNETOMETERMISSION.
- ELECTRODYNAMICTETHER
- CHEMICALRELEASE
- TETHEREDSTUDIESOF TIlEUPPER_IMOSPIIERE.
• POSSIBLELATERMISSIONS:
- GRAVIMETRY
- POWERGENERATION
- SIMULATIONOF PLANETARYELECIRODYNAMICS
- PLASMAWAKEAND SIIEATHSTUDIES
- LOWERATMOSPHERICDYNAMICS
- GAS DYNAMICSAND WAVESIRUCIURE
- MULTIPLEMEASUREMENTSALONGA SINGLEIEIHER
Figure 6.
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The large variety of tether applications in space required a
categorization in order to be manageable. We have five categories and
in addition, science and applications, which cut across the various
categories. They are now here represented by siX panels (Fig. 7).
TETHERAPPLICATIONSIN SPACE
WHATARE TETIIERAPPLICATIONS?
•BASEDON TIIEONGOINGTETIIEREDSAIELLITESYSTEMPROGRAMA LARGEVARIEIYOl
ALTERNATEAPPLICATIONSOFLONG TETHERSIN SPACEHAVEBEENPROPOSED.
eTHESETETHERAPPLICATIONSFALLINTOFIVECATEC-ORIES_
ELECTRODYNAMICINTERACTIONS(E.G.ELECTRICPOWERANDFORCEGENERATION)
TRANSPORTATION(E.G.CIIANGEOFSPACECRAFTORBIT)
ARTIFICIALGRAVITY(E.G.FRACTIONALNDVARIABLEGRAVITYENVIRONMENT)
CONSTELLATION(E.G.TETIIERCONNECTEDMULTIPLESPACECRAFT)
TECHNOLOGYANDTEST(E.G.IIYPERSONICMODELTESTINGINUPPERAIMOSPiiERL)
eli IS ItOPEDTO FINDMANyrMOREAS YETUNDEFINEDAPPLICATIONSWITIIPOTENIIAI
BENEFITS.
Figure 7.
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In our NASA program planning we want to select an early flight
demonstration mission. We expect that th_s workshop will select at
least one that can be implemented by 1986 (Fig. 8).
TETIIERAPPLICATIONSIN SPACEPROGRAMDEVELOPMENT
PROGRAMSOURCES:
• CONTRACTEDSTUDIESANDNASAIN-tlOUSE FFORTS
• TETHERAPPLICATIONIN SPACEWORKSHOP
• NASATETHERAPPLICATIONSIN SPACEINTER-CENTERTASKGROUP
PROGRAMPLANNING
• PLANNING OAL: FY1986 SELECTEDPROOFOFCONCEPTFLIGIITEXPERIMENT
•PLAN CONTENT:
THEORETICALFEASIBILITY
- ENGINEERINGDESIGNFEASIBILITY
- TECHNOLOGYREQUIREMENTS
COSTEFFECTIVENESSPOTENTIAL
- DESIGNAND CONCEPTVERIFICATIONEXPERIMENTS
•PLANNINGSTATUS:
PROGRAMMILESTONEASSESSMENTAND REQUIREDRESOURCESESTIMATION
PROGRAMPLANDEVELOPMENTINPROGRESS
Figure 8.
1-12
Our workshopobjectivesare shown in Fig. 9. We want to develop
a first order assessmentand _easibilityof the variousconcepts. We
also want recommendationsfor futureactionsand want to find areas which
need technologyadvancements. Finally,we want to stimulateindustry
and governmentplanners to considerthe uniquepropertiesof tethersin
the design of futuremissions.
Workshop Objectives
• Identify potentialapplicationsfor tethers in space.
• Developa first order assessmentof the feasibility and
benefits of tether applications.
• Recommendfuture actionsnecessaryto enable tether
applicationsincludingrequiredtechnology
advancements.
• Stimulate industryand governmentplannersto consider
the unique propertiesof tethers in designsfor future
missions
Figure 9.
The six panels that have been formed have two co-chairmen each
to coordinate and head the activities of the next few days (Fig. I0).
Each panel will accomplish the four tasks listed (Fig. Ii).
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Workshop Panels
Electrodynamic Interactions
Richard Taylor NobleStone (MSFC)
• (Smithsonian)
Transportation
Max Hunter (Lockheed) ErnestoVallerani (Aeritalia)
Artifical Gravity
GeorgeButler(MDAC) Bob Freitag(NASA HDQ)
Constellations
FrankWilliams Giovanni Rum (PSN/CNR)
(Martin- Marietta)
Technology and Test
Col. Frank Redd(USAF) Paul Siemers (LaRC)
Science Applications
FrancoMariani Bob Hudson(NASA HDQ)
(Italy)
Figure i0.
Panel Tasks
The workshopwill be organizedin six parallelpanels. The
goalsof each are:
• Identifynew applicationsfor tethers in space.
• Analyze andcritique all identified tether applications
relative to their practicality,costbenefit, and operational
requirements.
• Identify those critical design,performance,or operational
factorsthat must be includedinthe evolutionof the practi-
cal feasibility of each tether application.
• Provide recommendations to NASA for the continued
evaluationanddefinitionof the tetherapplicationsidentified.
Figure II.
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The results of this workshop will provide an input to the NASA
Tether Applications in Space Task Group under the direction of Georg von
Tiesenhausen. The objective of this group is to develop a program plan
on tether applications in space for the years 1984 through 1987 (Fig. 12).
This plan will become available in September of this year.
TETIIERAPPLICATIONSIN SPACETASKGROUP
OBJECTIVE: DEVELOPMENTOF A PROGRAMPLANFYB4-8/
GRouPCOMPOSITION
CENTER NAME REMARKS
MSFC GEORGvon TIESENHAUSEN CIIAIRMAN
LeRC
JPL PAULPENZO
JSC MILTONCONTELLA
LaRC PAULSIEMERSIll
NASA-OSF EDWARDBRAZILL CONSULTANT
PROGRAMPLANAVAILABLE=SEPTEMBER1983
Figure 12.
1-15

KEYNOTEADDRESS
IvanBekey
NASAHeadquarters
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TETHERSOPENNEW SPACEOPTIONS
Background
In1895Tslolkovskysuggestedconnectinglargemassesin spaceby
a longthinstringto exploitweak gravlty-gradientforces. Sincethe
inceptionof the spaceprogram,gravity-gradients abilizationhas been
appliedto satellites,butwith a shortrigidboom insteadof a long
string. Tetheringhas beentriedonlyin Gemini6 and 7 experimentswith
a shorttetherand in somelong-antenna-wlreexperimentsusinglittle
end-mass.The ideaof longtethersforrescuingstrandedastronautshas
alsobeenstudied,but was not until1974thatsomeoneseriouslyconsidered
applyingthe conceptto heavymasseswith very longtetherstrings--
G. Colomboof Italyworkingat the SmithsonlanAstrophyslcalObservatory
(SAD). Sincethen NASA,supportedby Colombo,SAO,the sciencecommunity,
and twocontractors--MartlnMariettaDenverAerospaceand BallAerospace--
havedefinedthe dynamics,design,and scientificuses of a 500-kgsystem
to be tethered100km fromthe SpaceShuttle.Recentlythishas developed
intoa cooperativeprogrambetweenItalyandNASA.
Whilethistestwilldemonstrateagaintheversatilityof theShuttle
and giveusa uniquereusableexperimentplatformthatcan reachatmospheric
andionosphericregionsheretoforedenied,thetruepotentialof the
"tether"lles in the many astonishingconceptswhichariseby exploiting
itsstatic,ldynamlc, and electricproperties.Thispaperdiscusses ome
conceptsnow identified.Manymorewill surelybe conceived._:A few
alreadyhavethe benefitof dynamicscalculations,simulations,Or Sizing
study,thoughmosthave yetto seriouslyaddressguidance,systemoperation,
andprogra-z,atics.Some may not survivesuchdesignor criticalcomparison
with alternativesfor achievlngthesameends. But the:intentofthls
articleis to encourageconsiderationof tethersin novelsoluti0ns;thus
the applicationswillbe shownin theirbest light.
The tetheringconceptis deceptivelysimple. On the surfacesomeof
the followingconceptsmay appearto violatelawsof:physics--mayseemto
be manufacturingenergyor to "llftthemselvesby theirown bootstraps."
However,a shortdiscussionon the fundamentalsof tetheractionwill
dispel such impressions. .,
Tether Fundamentals
An elementarytethersystemhas "dumbbell"form,with twomasses
connectedby the tether. The topmass e_eriencesa largercentrifugal
thangravltatlonalforce,beinghigherthantheorbitof theCG,whereas
the reverseoccursat thebottommass (seeFig. i). Displaclngthe
systemfromthe localverticalgeneratesrestoringforcesat eachmass,
tendingto returnthe systemto localvertical.The systemwill remain
alignedwith the localverticalor "gravitygradient"vector.:
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F1sure1. StablllzlngForcesActingon TetheredMasses
The centerof mass,halfwaybetweenequalmasses,is infree fall,
but the endmassesare not. The topmass travelstoo fastfor its altitude,
thusElvlngrlse to the excesscentrifugalaccelerationfeltas tensionin
the tether,with the inverseoccurringin the lowermass. The masses
expez_encethistensionas artificialgravlty. Figure2 showsIts
magnltude--farweaker,of course,than the forceson the surfaceof the
Earth. As an example,the entireShuttlecouldbe suspendedfroma 25-km
tetherand generatea tensionof only i0,000newtons(2000Ib, or IZ of
the Earth "weight"of the vehicle). Thatcan be supportedby a Kevlar
llneless than I cm in diameter. Likewise,a 500-kE mass Suspended100
km below the centerof mass has a tethertensionof only about200 newtons
(40Ib), Spacelabtetheredat 10 km or a ShuttleExternalTank at 1.0 km
experiencesapproxlmatelythe sametension. The loadrequiresonlya
2-mm-dlameter tether.
The mass of long tethersmust be taken intoaccountbecausethe
portionof the tetherat the CG must supportthe tetheras well as the
•payload. Thus, lonetethersshouldbe taperedfor minimummass.
The tethersystemis stablewlth eitherof two unequalmasses"above"
or "below"the centerof mass. Due to the absenceof damping,a dumbbell
becomesa pendulumthatoscillatesor llbrates,aboutthe llnebetweenit
and the centerof the Earth. Sinceboth the displacementand rest0rlnE
forcesgrow linearlywlth pendulumlength,however,the llbratlonperiods
for such gravity-gradientpendulumsare independentof tetherlength. A
flexibletetherwlll thus swingsolidly,ratherthanwith the tether
leadlnE the tip masses,as wlth the chainof a child'sswing. In-plane
llbratlonperiodsare very lonE and also independentof amplitude,being
0.577orbit,while transversellbratlonshave a periodof 0.5 orbit.
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Figure 2. "ArtificialGravity"at TetheredMasses
The forceswhich cause a tetheredsystemto librateare weak but
persistent,and include the effectsof Earth'soblatenessand differential
atmosphericdrag due to solar heating. This llbratloncan be damped out
by varying tether lengthaccordingto the followinggeneralrule: deploy
tetherwhen tensionis more than usual and wind it in when tensionis less
than usual. This "yoyo" statlonkeeplngprocesspulls energy out of the
system and can damp moderatein-planeand transversellbrationssimultane-
ously since they have differentperiods. The same goes for any shorter-
period,hlgher-ordertether vibrations.
A tethered satellite can be startedinto deployment by placing it
a short distance from the system with an extendable boom, or giving it an
initialvelocityalong the local vertical. For downwarddeploymentthis
causes the satellitetrajectoryto move ahead of and down from the system,
toward the Earth. As the satellite moves away from the deployer, the
tether runs from the reel. The reel drive-motoroperatesas a brake. It
producestension in the tether,causingthe satelliteto move farther
downward,as indicatedin Fig. 3.
A slow deploymentis nearly vertical;a fast one causes a large
llbratlon. The deploymentactionin effect transfersmomentumand energy
from the deployerto the satellitemass, with the systemcenter of mass
remainingat the initialorbit. By alternatelyreeling in and out,
llbratlonscan be excitedand even cause spinningof the system. These
effectscan be manipulatedin practicalsystemapplications.
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DEPLOYMENT RETRIEVAL
DIRECTION OF FLIGHT I ]
TETHER _ _\ _/'TETHER
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__ _ _ '_
EARTH EARTH
Figure 3. Deployment and Retrieval of a Tethered Satellite
Tethered Satellite System
A practical design of a tethered satellite system deployed from the
Shuttle has evolved from nine years of study and advanced development by
NASA, SAO, and the two industry contractors--Martln Marietta and Ball
Aerospace. Figure 4 shows system design. It will fllght-test the tether
deployment and control on the Shuttle, plus perform useful scientific
measurements in the bargaln.
N
Figure 4. Typical Deployment and Control Mech=._sm
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The satellite body takes the form of a sphere, aerodynamically
stabilized and fitted with a dockline adapter that mates with a capture
mechanism at the tip of an extendable boom. The tether is a very flexible
metallic or synthetic llne I-2 mm in diameter and I00 km or more in length.
The 20-m boom assists the satellite's deployment by displacing it from the
Orbiter and also helps capture the satellite during retrieval.
The heart of the system design is the mechanism containing the tether
reel and servo-drive motor and the tether tension, length, and rate
sensors. A computer uses the sensor information and a closed-loop control
algorithm to calculate drive commands for the reel motor. The crew
operates the system from a control and display panel at the Orbiter aft
flight deck.
The advanced development, flight program, and flight test of this
system conjoins the government of Italy and NASA in a cooperative program.
Italy will build and integrate the satellite. The U.S. will build the
deployer and integrate the system with the Shuttle. Martin Marietta
and Aeritalia have been selected as contractors. First flight has been
scheduled for 1987. This system will pave the way for some intriguing
applications, a number of which will be described in the following.
Applications
Atmospheric Uses: Tethered-vehicle access to altitudes as low as
I00-150 km from the Shuttle would permit direct long-term observation
of phenomena in the lower thermosphere and determination of its composition_
observation of crustal geomagnetic phenomena, ability to control chemical-
release experiences, and measurement of other dynamic physical processes
which affect the atmosphere, ionosphere, and magnetosphere. The satellite
for such measurements would be aerodynamically stabilized. Current designs
can survive the temperatures of operating at least as low as 120-km
altitude in steady state, and they can probably go even lower.
Towing an aerodynamic model from a space platform would give long- _i
termaccessto suchaltitudes.Properlyinstrumented,sucha modelwould
representa space-based"wind tunnel"experiencingKnudsennumbersnot
achievablein ground-basedfacilities. Heat shields,hypersonicvehicle
designs,and aerobrakesfor OTVs can be tested.
Electrodynamic Uses: Interactions between an insulated conducting
wire tether and the Earth's magnetic field and plasma permits a more
startling set of applications. In low-inclination orbits, a gravity-
gradient-stabilized tether will become an electrid generator by virtue of
moving at high speed through the magnetic field. If electrons are
collected by a metallized film balloon at the upper end and ejected at
the lower end by an electron gun, a current will flow downward through the
wire (see Fig. 5). This current will close by spiralling along the
magnetic field lines intersecting the top and bottom ends of the wire and
by flowing through the lower ionosphere at the ends of the lines. Tapping
successive such plasma tubes the tether will generate a voltage of 200
V/km of length in low orbit. The current flows through different sections
of the ionosphere as the wire tether moves in its orbit. The resultant
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TETHERLENGTH
20km 5Okm 100km
CURRENT 3a 5a 5a
VOLTAGE 3.2kv 7.4kv 14.7kv
NETPOWERTOPAYLOAD 8kw 33kw 7Okw
ELECTRODYNAMICDECELERATINGFORCE 0.3ro 1 Ib 1.8Ib
TIMEFORORBITERALTITUDEDECREASE= 20nm121DAYS7 DAYS 4 DAYS
I
Figure 6. Electrodynamlc Power
: The magnitude of the power depends on tether length, and is
adjustable by controlling the electron gun's current. Thus i0-I00 kW of
power could be readily produced by a system much simpler and less
expensive than solar arrays for such power. Not surprisingly, a price
is paid; for the system extracts energy from its-kinetic energy of motion
through a small force that reduces system energy directly, at efficiency
in the order of 70%.
In practice, altitude loss can be made up by continuous or periodic
propulsive maneuvers, thus converting chemical energy to electrical at
high efficiency by a rocket engine. Alternatively, the system could
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providehigh hlgh:peakpowers for short timeslf altitude loss, such as
shown in the table, is tolerable. Thus, the System c0uld functionas an
emergencypower generator fora space stationshouldthe primarysystem
fail_ and supplylng,say, 8kW at the expenseof a loss of about I ml. per
day. Similarly,this effectcould force reentryof the Shuttleor other
satelliteoutfittedwith a tether should its retrorocketfail.
Such an electrodynamlc_tether could be reversedbY drivinga solar-
array'producedcurrentupward through the wire and placing the electron
gun at the top insteadof a balloon. The resultingelectromotiveforce
would increase the systemaltltudewithout expendingpropellants. This
effect could be used fro drag makeup for a space stationor free-flylng
satellite. Additionally, in conjunction with its power-generated form
it could supply peak power without propellants by reversing the current
perlodlciallyand reboostlngthe system. For short-duty-cyclepower,
the solar arrays required for the reboost could be smaller than the power
deliveredby a factorequal to the duty cycle. For example, i00 kW can
be produced for 10% of the time by a lO-kW solar array. Or the system could
be used to eliminatebatteriesin solar array power systems.
The currents flowingthroughthe wire of such a tether can stabilize
satellitesby properlytiming their magnitudeand direction. Thus
electrodynamlctetherscan providepower, increas_or decreasealtitude,
providefor emergencydeboost,decreasethe size of solar arrays required,
and provide for stabilityaugmentation. In addition,cyclingbetween use
as a motor and generator at the right times can be used to circularize
eccentricorbits or increaseorbit eccentricityat will, withoutuse of
propellants.
In yet anotherpotentiallyfar-reachlngeffect,a wire tether can
generate and launch extremely low frequency radio waves efficiency, by
turningthe electrongun on and off at the desired frequency,thus using
the tether as an antenna. Waves can also be launchedby a loop antenna
composedof the tether,the magnetic lines of force,and the ionosphere.
Since these waves leak throughthe lower ionosphereand then spread over
most of the Earth by ducting,instantworldwidecommunicationscould be
possibleby simple self'poweredtethered-wire"transmitters"ofvery high
power. ..
Artificial GravityUses:_ All portionsof a mass at the end of a
tether experiencea force equal to the tether tenslon. This force is
perceivedas artificialgravity. For a system stable along the local
verticalit appearsto be obtainedwithout rotationsince the entire
systemremainsEarth-polntlng. (Inreallty, lt rotatesabout its own
centerof mass once per orbit.) The level of gravityobtainableis
proportionalto the lengthof the tether from the center of mass of the
system and equals 4 x i0,4 g per km in low orbit. For space-statlon
applications,this artificialgravityis free of floor-to-ceiling
variationsand the unpleasantcorloliseffectspresentin small,rapidly
rotatingtorus conflgurations(abandoned20 years ago in favor of zero-g
designs). . .
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With tethers,consequently,thequestionof deslrableg-levelfor
a spacestationcanbe reopened,sincea tethercanbe used to attain
pure gravitysimplyby extendinga counterweightalongthe gravity
gradient.Thismass couldbe passive,suchas a pieceof concrete,
aggregatedeadsatellites,or ShuttleExternalTanks;or it couldconsist
of elementsof the spacestationitself. Themass of the tetherbecomes
a significantpartof the stationmass to attain0.1 g (with450 km 0f
taperedtether),but is relatlvelyminorfor0.05g or less (Fig.7). In
fact,a full l-gstationis attainablewith tethersmade of knownmaterials,
but the tetherm_eswouldbe considerablylargerthanthatof the station
itself. In all cases,the tetherprovidestwo-axlsstabilizationas well.
An alternativewouldbe to shortenthe tetherand inducea slowspin.
Thiswouldmakehigh g's possible,yet stillavoidthe bulkof the previous
problems.
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Figure7. Massof TetherGrowswithDesiredGravityLevel
The availabilityof 0.01-0.1g in a stationmlght allow less complex
and more reliablecrew-supportsystems (eatingaids, showers,and toilets),
more operatlonaladvantages (lackof floatlngobjects,tools that stay
where placed, and panels and controlsoperablethe way used for training
on the ground),and perhaps some long-termblologicaladvantages.But
these may be outweighedby such dlsadvantagesas tether-systemmass,
complexity,and insuringsurvivalafter meteorlteor debris impact. A
zero-g space statlonobviouslyshould be carefullycomparedto atethered
one in trade studiesbefore a developmentdecision.
Even if the space stationproper employedzero g, a fractional-g
facility,such as a llfe-sclenceslaboratory,could readilybe tethered
to it, with variable g attainablefor a long time simplyby adjusting
tether length. Much shortertetherscould be used to hold safelyand away
from the stationa platformhaving liquidpropellantsand other toxic or
dangerousmaterials. Further,the artificialgravityat such a platform
would greatlysimplifythe problemof propellantacquisition,storage,and
transfer,making it ideal for OTV refuelingwith propellantstransferred
from the Orbiter (Fig.8). 1-25
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Figure 8. Cryogenic Propellant Storage and Transfer Platform
Figure 9 depicts a grander application, a wholly passive stable
platform created by tethering two rows of empty Shuttle External Tanks or
similar masses 10-20 km apart. The resulting milli-g level could be used
for "parking" the Orbiter and for other platform functions of permanent
facilities. Payloads brought to the lower level could be taken to the
upper level without expending energy by coupling two movable transfer
platforms together by tethers, of course, so that one moves toward the
zero-g point as the other moves away from it.
• _ 1TrHEREDEXPERIMENT
J
OR PAYLOAD LAUNCHER
SHUTrLI EXTERNAl. TANK8
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Figure 9. Passive Space Facility
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Other potential high-payoff applications include a remote docking
port for a space station to circumvent the danger of catastrophic
collisions by incoming OTVs, satellites, or even the Shuttle. After
docking at a safe distance, the vehicle would simply be reeled in slowly.
Such a docking port could be passive, or it could contain a small tele-
operated maneuvering vehicle allowing the incoming OTV to go passive.
Tethers can also be used to store logistic aids around a space station.
Constellations: Constellations of space objects can be devised using
tethers to tie them together and constrain their relative motions. This
has broad application, but particularly so to the current conception of
a space station as a base for servicing and tending a number of unmanned
platforms co-orbitlng _rlthit. In the conventional solution, the platforms
are placed in orbits with slightly differing elements so that each plat-
form describes a trajectory "around" the station, coming near it period-
ically for rendezvous and docking. Although feasible, this scheme
requires each platform to have separate utilities and complex operations.
Instead, tethers could tie the platforms to the station, make them
readily accessible, and supply power to them. Multiple platforms could
be tethered llke "beads on a string" along the local vertical, and such
constellations have been analyzed and found to be stable, but they have
poor access to the platforms.
Paired platforms represent a better solution. Dual reels would
tether the platforms simultaneously toward and away from the Earth along
the local vertlcal. Two-conductor tethers would allow powering the
platforms from the central section. Deploying or retrieving the platforms
simultaneously would avoid large shifts in the orbit of the central
device. Such elements can be arrayed to form a two-dlmensionally stable
constellation, as indicated in Fig. I0, by placing them so that their
central units (and center of mass) are in the same orbit plane and
altitude, displaced along the velocity vector. Only slow relative motions
would be induced by drag variations, solar pressure, etc. To keep them
from drifting apart, or coming together, tethers connect them along the
velocity vector and to a space station as well. Since tethers cannot
support compressive loads, the entire system is lightly tensioned by
insuring that the ballistic coefficient of each element is lower than that
of the element leading it and higher than that of the element trailing it.
In principle there is no limit to the number of platforms which can be
so connected, Powered and tended by a station.
Transportation Uses: In a tethered-mass system, the higher of
two masses travels faster than the circular orbital velocity at its
altitude, and the lower travels more slowly. The tether tension keeps
the masses from flying apart. Suddenly disconnected, the upper mass will
be in a Hohmann transfer to a higher apogee and the lower mass will be
in a transfer to a lower perigee. That is, release from a tethered
system can be used to change orbits without propulsion. Release can be
from a tether stable along the local vertical ("hanging") or from
intentionally llbrating or spinning masses, which yield larger separations
between the masses. Separation half an orbit after release will be 7
times the tether length for a hanging release, up to 14 times with a
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llbratlngreleas_' and lgreater than 25 times with a spinning release.
this can greatly expand the sphere of access of the Shuttle or space
station without propulsion in the payload and without any 0rblt-transfer
rocket. Of course, shorter tetherscould be used in conjunction with
propelled transfervehicles to reduce required Delta-V, to increase their
payload, or both.
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Figure i0. Two-Dimensional Tethered Constellation
A straightforward application would have the Shuttle External Tank
(ET) delivered into orbit which increases the Shuttle payload by 1500 kg
(since cryogenic rather than storable propellants would be used for
direct ascent) and would also allow capture of excess propellants for
transfer to permanent storage on a Space station. The ET can be deorbited
without any propellant-wasting burns by lowering it rapidly on a 25-km
tether weighinglabout i00 kg, setting up a libration, and releasing it
during abackswing. The ET can thus be made to deorbit precisely,
transforming its momentum to the Orbiter and boosting it to a higher
altitude. In a similar way, a Shuttle can rendezvous and dock with a
space station, and _hen ready to go home, lower itself on a tether, thus
raising the station orbit. With the contemplated frequency of Shuttle
visits, the space station might not need any drag makeup propulsion.
Further, the Shuttle would be able to lift 3000 kg more payload, not
needing OMS propellants for a retroburn. Furthermore, the station orbit
could be conveniently low for easy Shuttle access; that also increases
Shuttle payload. _
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A variantof thisconceptenvisionsa spacestationsuppliedwith
electric power by an electrodynamlc tether and perlodic_lly reboosted when
resupply Shuttles depart.
A simple payload launcher Would have payloadlplus transfervehicle
reeled out and then released in a hanging or Swinging mode, simultaneously
boosting the payload and reentering the Orbiter (Fig. Ii). With a 260-km
tether, this can add 40% to the LEO-GEO payload capability of a Centaur,
IUS, or PAM. If the Shuttle is to avoid reentry from 400 km, the tether
length must be limited to I00 km; that allows a 13% gain in payload. A
similar system launched from a permanent launch facility would require
energy to make up its altitude after a payload release. This energy can
be imparted by departing Shuttles, by an electric propulsion system, or by
the electrodynamic-motor effect using solar energy.
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Figure II. Payload Orbit is Raised and the Shuttle Deorbited
A permanent space base could conslst of a spinning two-platform
tether velocity-matched at the lower platform by a Shuttle at•apogee.
Payload transferred to this platform would be "transported" to the upper
position by the tethered-platform!s rotation and then released, Energy
for the injection would come from a small reduction in the heavy'platform
altitude; that energy would be made up by ion or electric-motor propulsion
between launches. Although not necessitating use of a suborbital Shuttle,
such a mode would increase Shuttle payload by 35% if the timing, docking,
and safety problems can be solved. Payloads could be hurled most of the
way to GEO using this scheme. ..
Another application of such tether launchers amounts to a piecemeal
space elevator for transfer to GEO (Fig. 12)._ A payload released from
a long tether on a LEO platform Or Shuttle would transfer to a rendezvous
with a longer tether deployed downward from a GEO platform. Upon hookup,
which may require a small teleoperated maneuver package at the tether end
to reduce guidance precision, the payload would climb up the wlre. Ion
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propulsionat theGEO endwouldsupplythe energy;and at themassive
lowerend energycouldbe supplledby anypreviouslymentionedtechniques.
The systemallowstradingtimefor energyin theinterestof mass.
GE0STATIONARYPI.ATFORMIgJDIi
N  rdo :"
PAYLOAO %%
\ \
l
l|
I
I
t
I
d_ _% I
_ ...... I
b ss
I.OW_MTETHER_ s sHOLDSAND
PAYI.OAD
Figure12. Two-PieceTether"Elevator"
In principle,a completelypropulsionlesspayloadcan be transferred
ImpulsivelyfromLEO to GEOwlth a veryhlgh (orinfinite)Isp by tethers
constructedof knownmaterlals.Intuitionfailsus in slzlng-the
necessarytethers: a 3300-kmtetherin GEOweighing250 kg andwith diameter
of only0.3 nuncan suspenda 250 kS masswhiledeveloplnga tensionof only
20 n (4 ib). Thus thepayloadtrans£ercouldbeachievedusinga 1200-kin
tetherin 400-kmorbitand a 10,000-kmtetherat GEO (weighingthe same
as the shorterlowerone due to themuchweakergravltyfleldat GEO).
Sincethe tethermasswouldbe extremelylarge,a morepracticalsolution
wouldbe to use shortertethersand supplysomeDelta-Vin the formof an
OTV. As an example,a 430-kmtetherin LEO, a 5900-kmtetherin GEO,and
a Centaurcouldtransfer2.8 timesmore payloadthana Centauralone--some
18,000kg (40,000lb). The combinedtethermasswouldweigh17 timesthe
Centaurmass,or 340,000kg, but thisrepresentsa reusable,permanent
transferresourceshowinga mass paybackin sevenfllghts.
The successfulapplicationof theseconceptswoulddependon the
developmentof navigationandoperationstechniquesand theirexecution
with precision.Suchtethermediatedtransfersarevery efficientand
willprobablyplay a significantroleas transportationelementsin a
permanentspaceinfrastructure.
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The use  of t e t h e r s  h a s  r e a l l y  come a long  way s i n c e  1974 when t h e  use  of 
t h e  t e t h e r  in conjunct ion  wi th  t h e  s h u t t l e  was f i r s t  proposed by Giusseppi 
Columbo t o  t h e  AMPS worklng group. J u s t  t o  g ive  a n  i d e a  of t h i s  progress ,  
t h e  concept as descr ibed  by Columbo and o t h e r s  involved deployment of a 
l a r g e  ba l loon  downward from t h e  s h u t t l e  us ing  t h e  atmospheric drag  t o  
f u r t h e r  deploy i t  thereby g iv ing  a p l a t fo rm a t  t h e  ba l loon  t o  i n s t a l l  
s c i e n t i f i c  instruments .  This  concept was c a l l e d  Skyhook. This  c h a r t  
desc r ibes  t h a t  concept.  
The purpose of t h e  Shut t le ITethered  S a t e l l i t e  System is t o  enable  
s c i e n t i f i c  i n v e s t i g a t i o n s  from t h e  s h u t t l e  u s ing  a c losed  loop c o n t r o l  
system. This  system has  t h e  c a p a b i l i t y  f o r  deployment toward o r  away 
from t h e  e a r t h ,  mu l t ip l e  round-tr ip  missions,  and deployment a t  d i s t a n c e s  
up t o  100 KM from t h e  o r b i t e r .  
ShuttlelTetheredSatelliteSystem
\
\
SIIUrlLEIIEIIIEI_I.D5AIELLIIE5YSIEM
PURPOSE:
ENABLEAVARIETYOFSCIENI'IFICINVESTIGATIONSAND
OPERATIONALACTIVITIESTOBEACCOMPLISHEDFROM
TIIESIIUTTLE,CONSIDERING:
USEATETHEREDSYSTEMWITIICLOSED-LOOP
CONTROL
- DEPLOYMENTTOWARDORAWAYFROMTHEEARTH
- DEPLOYMENTUP O100KMAWAYFROMTHEORBITER
- MULTIPLEROUNDTRIPMISSIONS
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To givesomeperspectiveof the tetherslength,considerthe distancein
AlabamafromHuntsvilleto Florence.To put thisin a localperspective,
considerthe distancein VirginiafromWilliamsburgto perhapsa little
beyondRichmondor fromWashington,D.C. to Hagerstown,Maryland. In
Coloradoit'saboutthe distancefromDenverto ColoradoSprings. The
messageis that'sa long,longstring,62 milesworth. Thatis whatwill
be deployedfor the firstmission.
Thischartindicatesthe satellite,the tether,and thedeployer.For
definitionpurposes,thedeployerencompasseseverythingthatis mounted
on a palletthatsharesa cargobay withotherpayloads.The deployer
includesan extendableboom,a reelfor the tether,and thetetheritself.
The extendableboom for theshuttletetheredsatellitesystemserves
threepurposes. It permitsus to do theinitialdeploymentand retrieval
at a safedistance (atan armslengthfromthe shuttle).It givesus
theopportunityto alienthe forcevectorof the tetherthroughthe center
of gravityof the shuttle. Finally,it givessomeinitialgravitygradient
separationto aid in the deployment,and ultimatelythe retrievalof the
tethered satellite.
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This chart summarizesTetheredSatelliteSystemactivitiesin terms of
system studies,developmentof the tetheredsatellitesystemand
scienceactivities.
This chart points out the key guidelinesof the Shuttle/Tethered
SatelliteSystem.
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MISSION: ORBITER AT 23q KM. SATELLITE AT 130 KM,
36 HOURS VERIFICATION FLIGHT.
6,5-DAY MISSION CAPABILITY,
VERIFICATION FLIGHT IN 1987
0 SATELLITEMASS: UP TO 500 KG
0 SAFETY: JETTISON/RELEASE OF ALL DEPLOYED HARDWARE,
NO SINGLE POINT FAILURES ON CRITICAL HARDWARE,
0 LOW COST: PROTOFLIGHTAPPROACH.
PROVEN CONCEPTS AND COMPONENTS,
0 POWER: PRIMARY POWER FROM ORBITER. TSS SECONDARY POWER.
0 CONTROL: FULL CONTROL OF ALL TSS SYSTEMS AND INSTRUMENTS FROM THE
ORBITER AFT FLIGHT DECK,
I SATELLITE: ENGINEERING INSTRUMENTATION FOR SYSTEM VERIFICATION,
INFLUENCE DESIGN TO ACCOMMODATE AN ENGINEERING DEMONSTRATION
OF SCIENTIFIC COMPORENTS. FLEXIBILITY TO ACCOMMODATE POTENTIAL
USERS,
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The r e s p o n s i b i l i t i e s  i n  t h e  TSS progress  a r e  shown on t h i s  c h a r t .  The 
US w i l l  do t h e  o v e r a l l  system and develop t h e  deployer  and I t a l y  w i l l  
develop t h e  s a t e l l i t e .  We w i l l  have a j o i n t  announcement of opportuni ty.  
Science ins t ruments  w i l l  be  developed by both  s i d e s ,  European and non- 
European. The US w i l l  conduct launch ope ra t ions  supported by I t a l y .  D 
This  summarizes t h e  u s e r  a c t i v i t i e s  i n  t h e  development of t h e  TSS inc lud ing  
t h e  User Workshop i n  1978 wi th  t h e  very important f a c i l i t y  requirements  
d e f i n i t i o n  team a c t i v i t y .  It a l s o  inc ludes  the  TSS peer  review from J u l y  
of 1980. The f i n a l  meeting of t h e  US/I ta l ian  Science Working Group has 
j u s t  been completed. 
ILIJlLIILU__AILLLLI_3:GIU1
RESPONSIBILITIES
UNITEDSTATES ITALY
o OVERALLSYSTEM:
REQUIREMENTS
INTEGRATION OF SATELLITE
ONTODEPLOYER
SYSTEM VERIFICATION
SYSTEM SOFTWARE
SYSTEM GEE
o DEPLOYER: o SATELLITE:
DEVELOPMENT - DEVELOPMENT
INTEGRATION OF INSTRUMENTS - INTEGRATION OF INSTRUMENTS
ONTOTHE DEPLOYER ONTOTHE SATELLITE
SOFTWARE - SOFTWARE
GEE - GEE
o ANNOUNCEMENTOFOPPORTUNITY(AO) o ANNOUNCEMENTOFOPPORTUNITY(AO)
o SCIENCEIIISTRUMENTS o SCIENCEINSTRUMENTS:
- DEVELOPMENTOF ALL NON-EUROPEAN - DEVELOPMENTOF ALL EUROPEAN
INSTRUMENTS INSTRUMENTS
o LAUNCHOPERATIONS o LAUNCHOPERATIONSSUPPORT
o MISSIONOPERATIONS o MISSIONnPERATIONSSUPPORT
o POSTFLIGHTOPERATIONS o POSTFLIGHTOPERATIONSSUPPORT
IEIIIEI{I-I)SKIEI.I.I[I SYS'II'M
USERACTIVITIES
I USERSTUDIES(1976-1980)
- SMITHSONIAN
- UNIVERSITYOFCALIFORNIA,LOSANGELES
- UTAHSTATEUNIVERSITY
e USERSWORKSHOP,NASAIUNIVERSITYOFALABAMAHUNTSVILLE
(MAY1978)
e USERSWORKINGROUP(1977- 1979)
OSTS - OSTA
OSS - OAST
IVISFC - GSFC
- DOD
o TSSFACILITYREQUIREMENTSDEFINITIONTEAM(MAY1979-APRIL1980)
o TSS PEERREVIEW(JULY8-9,1980)
e U.S.IITALIANTSSSCIENCEWORKINGGROUP(OCT.1981-PRESENT)
2-11
From the  standpoint  of science,  I th ink it 's general ly recognized t h a t  
the  Tethered S a t e l l i t e  System o f f e r s  a  combination of capabilities t h a t  
makes it q u i t e  unique. There ia no other  system that: can give us all 
of these  c a p a b i l i t i e s . .  It makes i t  very a t t r a c t i v e  f o r  a  number of 
s c i e n t i f i c  uses a s  well  a s  t h e  advanced appl ica t ions .  We have t h e  
capab i l i ty  t o  s t a t i o n  keep a t  low a l t i t u d e ,  the  capab i l i ty  f o r  upward 
o r  downward deployment, constant  a l t i t u d e  f l i g h t ,  and conducting o r  non- 
conducting t e the r s .  The s a t e l l i t e  i t s e l f  has t h e  c a p a b i l i t y  f o r  carrying 
s c i e n t i f i c  packages. There a r e  a l s o  t h e  a b i l i t i e s  t o  o r i e n t  t h e  s a t e l l i t e  
in i t s  f l i g h t  along with ve loc i ty  vector  and t o  measure i ts  pos i t ion  i n  
t h e  command l i n k  from the  s a t e l l i t e  back t o  t h e  o rb i t e r .  
The Science Wdrking Group i t s e l f  is a  j o i n t  a c t i v i t y  between t h e  U.S. and 
I t a l y  and is  co-chaired by D r .  Hudson and D r .  Marianib both of whom a r e  
here  today with us. This group has had recent  dialogue wi th  TSS engineers 
providing technical  advice, both the  NASA and PSN, in the  i n i t i a l  s t ages  
leading up t o  the  issuance of the  announcement of opportunity. This dia- 
logue between the  s c i e n t i s t s  and engineers w i l l  maximize the  re tu rn  from 
the  TSS. 
TETHEREDSATELLITESYSTEM
MAJORSCIENCEANDAPPLICATIONSACCOMMODATIONFEATURES
. . e LOWALTITUDESTATIONKEEPINGCAPABILITY
• " e UPWARDORDOWNWARDDEPLOYMENT
e . CONSTANTALTITUDEFLIGHT
e CONDUCTINGORNON-CONDUCTINGTETHER
o EXCESSSATELLITEW IGHTNOLUME
e SATELLITEORIENTATIONCAPABILITY
e POSITIONMEASUREMENT
e COMMANDLINKTOSATELLITE
• ' 1E[IIEI_EIJ;AII_I.Li]E 5YSIER
" 'U,$,/ITALIAN SCIENCEWORKINGGROUP(SHG)=
PUnPOS[
| PROVIDESCIENTIFIC ANDTECHNICALADVICE TO NASAANDPSN IN THE INITIAL STAGES
OF ACTIVITY PRECEEDINGISSUANCEOF JOINT ANNOUNCERENTOF OPPORTUNITY(AO)
e ESTABLISHTWO-HAYDIALOGUEBETHEENTSS SCIENTISTS ANDENGINEERSTORAXINiZ|
SCIENTIFIC RETURNFRONTHE TSS
M_MBERSHIP
I NASA
- DR, R. HUDSON_NASA/OSSA_ O-CHAIRHAN
- DR, P. BANKSsSTANFORDUNIVERSITY
DR. G. CARIGNANsUNIVERS|TY OF NICHIGAN
- DR, P° COLEHAN,UHIVERSITYOF CALIFORNIALOSANGELES
- DR, Ro FREDRICKS/TRH CORPORATION
I ITALY, _ATIONALSPACEPLAN (PSN)
- DR, F, HARIANIJ UNIVERSITYOF ROHE, PSN, CO'CHAIRNAN
- DR. H, DOBROWOLNY,INSTITUTE FISICA SPAZIO INTERPLANETARIOsCNR_ FRASCATI
- DR. P. PELLEGRINI, INSTITUTE RICERCHEONCLEELETTRORAGNETICHEeCNRmFIRENZE
- DR. S. VETRELLA, INSTITUTE AERODYNARICA,UNIVERSITYOF NAFOLI
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Based on all the user activitiesthat have transpiredto date, the plan
for the first missionwhich will occur in April 87 will bean upward
deployedelectrodynamicsmission. It will be primarilyoriented to
study field alignedcurrents,variouswave modes and electrodynamlc
interactionswith the tetheredsatellite. The secondmissionwill be
a downwarddeployedatmosphericflightwhich will study the dynamic
propertiesand compositionof the charge of neutralatmosphere,below
180 KM. It will also study accelerationsdue to atmosphericdensity
variationsin satellitetemperatures. _k
u
This figurepictoriallyillustratesthe first missionwhich will be
upward deployed to a 20 KM distance. It will be a conductingelectro-
dynamics tether. The shuttlewould be at the standard160 NM orbit with
the full 20 KM deploymentupward. _k
u
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SC!ENCEOBJECrIVES
FORTHETSS'I ANDTSS-2VERIFICATIONMISSIONS
! TSS-1ELECTRODYNAMICSt,I[SSION
TO CONDUCTACTIVEXPERIMENTSItlTIIEIONOSPIIERICPLASMAUSIriG
THETSSTO_STUDYTHEGENERATIONF FIELDALIGNEDCURRENTS,TIIE
GEIiERATIONOF INSTABILITIESANDVARIOUSWAVEMODES,TIIEPLASFIA-
ELECTRODYNAI_]ICNTERACTIONSNITI-ITIIETETIIEREDSATELLITE,TC,
! TSS-2AT(qOSPH_ICANDSOLID_P,TIIPHYSICSMISSION
PRIMARY- TOMEASURETHEDYNAI_IICPROPERTIESAriDCOIIPOSITION
OFTHECHARGEDANDNEUTRALATIIOSPHEREB LOW180KIt.
SECONDARY- TOMEASURETHESATELLITEENVIRONIIENT,I CLUDING
SATELLITEACCELERATIONSDUETOATI.IOSPHERICD NSITYVARIATIONS,
SATELLITETEMPERATURE,ETC.
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The second missiondeploysto the full capacityof the reel mechanism,
that is, down to 100 KM, with the orbiterin this case based at 230 KM.
I00 KM deploymentputs the satelliteat an altitudeof 130 KM. This is
of considerableinterestfrom the standpointof atmosphericscienceand
it providesa capabilityheretoforenot realized. .k
u
In summary, the studies have established the feasibility of deployment
and retrieval of the system. Preliminary designs and cost projections
have been accomplished in phase B. Updated designs and the advanced
development phase are currently being worked on. This two phase develop-
ment approach is based on the expectation that it will be a cooperative
endeavor between the U.S. and Italy. A Memorandum of Understanding is
being finalized to that effect. Plans are being made for issuance of
a joint announcement of opportunity this summer for the initial missions.
These are planned for April 87 and ayear later in April 88. It is
expected that operational missions will follow from that. _k
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IL.IIILI(LUI;AILLLIL :;YL;ILM
! PREVIOUSSTUUIESIIAVEESTABLISHEDFEASIBILITYOFDEPLOYMENT,
STABILIZATION,ANDRETRIEVALOFA TETHEREDSATELLITE.
I PHASEB DEFINITIONSTUDIESHAVERESULTEDIN PRELIMINARYDESIGI_S
ANDCOSTPROJECTIONS.
! A TWO-PHASET THERSYSTEMDEVELOPMENTIS BEINGIMPLEr]ENTED,BASED
ONTtlEEXPECTATIONTHAT HETETHEREDSATELLITESYSTEMWILLBEA
COOPERATIVEU,S./ITALIANPROGRAM.
I A JOINTU.S./ITALIANANNOUNCEMENTOFOPPORTUNITY(AO)WILLBE
ISSUEDTHISSUMMERFORSCIENCEXPERIMENTSTOBEFLOWNONTIlE
INITIALMISSIONS.
l INITIALMISSIONSAREPLANNEDFOR1987AND1988,OPERATIONAL
MISSIONSAREEXPECTEDTO FOLLOW.
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So with that then as a kind of quick history and project overview, Don
Crouch of Martin Marietta, our prime contractor for the development of
the tethered system, will present an overview of the deployed develop-
ment activity.
kL
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SHUTTLETETHEREDSATELLITESYSTEM
PROGRAMOVERVIEW
" Donald Crouch
MartinMarietta
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Introduction
NASA and the ItalianCouncilfor NationalResearchare currently
performingthe first phase of a two-phaseprogramwhich will lead to
demonstrationflightsof the TetheredSatelliteSystem in 1987. The
first phase of the program,being performedunder a U.S.-ItalianLetter
of Agreement,consistsof preliminarydesign,establishmentof inter-
faces,and the developmentof criticalengineeringevaluationhardware.
The secondphase of the program,subjectto the approvalof both govern-
ments, will be performedunder a new Memorandumof Understandingfor
the demonstrationflights. This agreementdesignatesNASA as being
responsiblefor the overallsystemintegrationand interfacinghardware,
launchoperations,and missionoperations. The ItalianCouncilfor
NationalResearchwill providethe satellitefor the first two demon-
strationflights.
PresidentReagan,in a recent letterto the Presidentof Italy,has
suggestedthe possibilityof Italianand U.S. PayloadSpecialistsbeing
assignedto the first demonstrationflight,currentlydesignatedas STS 52.
MartinMarietta-DenverAerospacehas been selectedas the prime
contractorto performthe U.S. portion_of the projectunder the manage-
ment of N_SA'sMarshallSpace FlightCenter. Aeritalia,locatedin Turin,
Italywill developthe satellitefor the two demonstrationflightsunder
the managementof the ItalianCouncilfor NationalResearch. Joint manage-
ment of the projectwillbeaccomplishedthrougha projectTechnicalPlan
operatingwithin the guidelinesof the U.S.-ItalianMemorandumof Under-
standing.
DemonstrationFlights
It is currentlyplannedthat demonstrationof the tetheredsatellite
systemwill consistof two scientificmissions. The first mission,
currentlyplannedfor April 1987,will includedeploymentof the satellite
upward from the Orbiter10-20kilometers (6-12miles)using an electrically
conductivetether. It will allow understandingof tetherelectromagnetic
interactionsby in-situgenerationand study of large hydromagneticwaves
and magneticfield-alignedcurrentsin the space plasma. The practicality
of electricpower generationusing an electrically-conductivetether inter-
sectlngthe earth'smagneticfield will be demonstrated.
The seconddemonstrationflightwill followthe firstby 6-12 months.
This flight,with the satelliterefurbishedto an atmosphericprobe con-
figuration,will be deployedearthwarda distanceof I00 kilometers
(62miles) to an altitudeof approximately130 kilometers(80miles)
above the earth'ssurface. This probe,using an electricallynon-conductive
tether,will performdirectmeasurementsof magnetospheric-ionospheric-
atmosphericcouplingprocessesin the lower thermosphere. Both missions
will involvea deployedsatelliteoperationaltime of approximately36 hours.
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A tethered satellite operational phase with frequent flights is
expected to follow the two demonstration flights. Satellites can be
designed to perform specific missions, and refurbished as required for
follow-on flights at different altitudes and orbital inclinations.
Operational Overview
Tethered Satellite-to-Orbiter-to-Ground Interfaces
The Tethered Satellite System (TSS) is interfaced in the Orbiter
for the two demonstration flights using a spacelab-type pallet as shown
in Figure I. i
Out-of _ilnl
\ /" Th.......
e
n-PI
Thrusters Satelllte/Thruster Des;gn
S-Bend Payload
Interrogator
FI;ght Deck
Ku-Bend Orbiter MCDSCommunications
S-Sand PM Ku-BInd Rider_ !, ,,,,--.,,,,,r,J Try:king Ditl O,_lly Unit Standard Switch P.inel
Termln,I Station, __OCCC
Figure I. Design Overview - TSS/Orblter/Ground Interfaces
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Primary control of the TSS is accomplished by the Orbiter mission
specialist or payload specialist operating from the Aft Flight Deck.
The mission or payload specialist will use a combination of the Orbiter
Multifunctional CRT Display System (MCDS), Standard Switch Panel, and
Deployment Pointing Panel for controlling and monitoring the TSS. Overall
automatic control sequences for both deployer and satellite are provided by
a deployer-mounted, microprocessor-based computer.
Commands to the deployed satellite, and telemetry data from the
satellite are accomplished using the Orbiter detached payload S-Band
Payload Interrogator. Most commands for the tether control system and
satellite thruster control system will originate in the TSS deployer
computer. The Orbiter Ku-Band system, operating in the radar mode, is
used for tracking the deployed satellite.
Both the satellite and deployer commands and telemetry are interleaved
with the Orbiter data stream. Orbiter data is roBted to the NASA Johnson
Space Center (JSC) Payload Operations Control Center (POCC). The Orbiter
data is transmitted via its Ku-Band and S-Band systems to the Tracking and
Data Relay Satellite System (TDRSS), where it is retransmitted to the ground
stations and on to the JSC POCC. Operational performance of the TSS is
monitored at the POCC, and it will be possible to uplink commands (if
required) to either the deployer or satellite. Scientific data are also
monitored at the POCC, and it will be possible for the principal investi-
gators to interact with their scientific instruments (satellite or deployer-
mounted) throughout the mission.
TSS Deployment Concept
Satellitestetheredto the Orbiterare inherentlystablealong the
local verticaleither directlybelow or above the Orbiter. In the case
of the downwarddeployedsatellite,the tether,which travelsat the
Orbiterangularvelocity,forces the satelliteto travelat the same
angularvelocitywhich is "suborbital"for the lower satellitealtitude.
Therefore,the downwardearth gravitationalpull on the satelliteis
greaterthan the centripetalforce,and there is a net "gravitygradient"
earthwardforce on the satellitewhich is reactedby the tether. The
gravitygradientforce reactedon the tetherby a 500 kilogram (1100
pound) satellitedeployedi00 kilometers(62miles) is approximately
300 Newtons (65 pounds),dependingupon the mass of the tetherand
operatingaccelerations.
The forces acting on an upward deployed satellite are similar to
the downwardcase. The Orbiter-connectedtetherforces the upward
deployedsatelliteto travelat a "superorbital"angularvelocity. The
resultantcentripetalforce exceedsthe gravitationalforce producinga
net "gravity gradient" reaction force in the tether. Satellites and
tethersof equal•mass producethe same gravitygradientforce in the
tetherfor equallydeployeddistancesbelow or above the Orbiter.
Figure 2 illustratesthe deploymentconceptfor the TSS.
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nicationsto Satellite
_//// t _ . / KuoBand Radar Tracking of Satellite
•YI//i" I / _
//// t _ Typical MIIIio. S:nario
/// f_ 1. _Rotatethe Orbiter Such That the Cargo Bay Is Facing/ / //J _ ...... Earthward(Altitude230km)
// /_ _Heady tot ueploymen, 2. Unlatch Satellite and Deploy Ouwvard Using the
_/i_ _ Deployment Boom
iI 3. ReleaseSatelliteandControlDownwardTrajectoryUsing
I theTetherReelMotor, (Deployment100kmto A 130kmI Altitude Requires Approximately 6-8 hour=).
o_j/---Deployed 4. "'Stationkeep" the Satellite At theDesiredAltitudeand
Acquire the Scientific Data (10-20 hour= Typical).
• 5. Retrieve Satellite Using the TetherReelMotor, Dock At
the Boom, andRes'towSatelliteintheOrbiterCargo Bay.(6-8hour=|.
Figure2. DesignOverview- TSS DeploymentConcept
The satellite is released from its restraining structure and trans-
lated downward (or upward) on a 12-meter boom. After final checkouts
are completed, the satellite is released from the boom tip docking cone,
and a combination of the gravity gradient force and small, tether-aligned
thrusters (reference Figure I) cause the satellite to begin deploying.
The initial gravity gradient force acting on the satellite at a 12-meter
separation distance is very small-approxlmately 0.01 Newtons (0.I ounces).
The tether aligned thrusters, operating at 1-2 Newtons (0.2 to 0.4 pounds),
provide the additional force necessary to overcome tether friction in the
upper boom tether control mechanisms. The natural gravity gradient forces
in the tether rise with increasing separation distance, and the tether-
aligned thrusters are turned-off when a value of approximately 2 Newtons
is attained. This occurs at a separation distance of approximately 1 kilo-
meter (0.6 miles).
Deploymentof the satelliteto a distanceof I00 km requires6-8
hours, dependingupon the maximumseparationvelocityand angular
deviationpermittedduringthe descent. The TSS has been designedfor
a maximumvelocityof approximately80 km per hour (50MPH). Figure3
(deployment)illustratestypicaldeploymentparametersincludingdistance,
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separation velocity, in and out-of-plane angles, tether reel applied
voltage and rpm, and the tether-allgned thruster total impulse
consumed as a function of time during deployment tca 130 km (80 ml)
altitude.
Tether control is also required during "stationkeeplng" at the
deployed altitude, and particularly at the lower altitudes where
atmospheric "wind forces" are significant. The 20-hour "statlonkeeping"
plots of Fig. 3 illustrate the effects of such a control whereby the
tether is slowly retrieved and deployed approximately ±300 m about the
nominal I00 km deployed distance in order to damp the pendulous
oscillations. The effects of the aerodynamic drag on the satellite
can be seen as a 0.04 radlan bias on the in-plane angle statlonkeeplng
plot.
Retrieval of the satellite can best be performed using in-plane
and out-of-plane satellite thrusters to dampen pendulous angles as they
tend to build-up during the retrieval maneuver. The location of these
small thrusters is shown in Fig. I. Figure 3 (retrieval) illustrates a
typical case whereby the logic is set to operate the In-plane and out-of-
plane side thrusters when the pendulous tether angle exceeds 0.6 and
0.7 radians. The operation of both thrusters is illustrated, although
the out-of-plane damping requirement predominates. As wlth the deploy-
ment case, the tether-allgned thrusters are operated during the last
i km of separation distance prior to docking the satellite.
Control algorithms for operating both the tether control motors,
and the satellite thrusters are stored in the deployer computer. These
control algorithms, operating in conjunction with feedback data (range/
range rate, angle/angle rate), compute the necessary control functions.
Design Overview
Tethered Satellite-to-Orblter Interface
Figure 2 illustrated the major elements of the TSS which will be
used for the demonstration flights including the satellite, satellite
support assembly with deployment boom, tether support assembly, and
cold plate-mounted equipment.
Figure 4 illustrates the pallet location at the most rearward
position in the Orbiter although the system has been designed to operate
at any pallet locatlon_rlthin the cargo bay thus increasing the potential
shared mission opportunities.
The satellite support structure is interfaced at two "sill"
attachment hard points and at a lower pallet keel fitting. A satellite
restraint structure is provided which interfaces to the satellite
equatorial ring and the satellite is restrained by four motor-drlven
latches.
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-Emergency Battery Batteries _._. Pyrotechnic Initiator
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Figure 4. Design Overview - TSS/Pallet/Orbiter Interface
A tether support assembly is provided which supports the tether
reel, 5-horsepower, brushless reel drive motor, and a battery bank which
supplies a 170 VDC power source for the motor. A heated thermal shroud
surrounds the batteries and various tether mechanisms. The pyrotechnic
initiator control assembly is used under emergency conditions for sever-
ing the tether or jettisoning the satellite deployment boom.
Electronic equipment located on the cold plate includes the Motor
Control Assembly (MCA) and the Data Acquisition and Control Assembly
(DACA), which is the TSS-dedlcated computer. The emergency battery is
provided as a backup to Orbiter power for operating the pyrotechnic
circuits if required.
TetherControlMechanisms
Figure5 schematicallyillustratesthetethercontrolmechanisms,
which include the reel drive, and upper and lower boom tether control
mechanisms.
The reel assembly has been generously designed to accommodate a
wide variety of tether diameters (l-3mm) and lengths. The tether reel
capacity chart in Fig. 5 illustrates the various combinations of tether
diameters and lengths which can be accommodated. A slip ring assembly
is included which is used for transferring the electric current flowing
in the conductive tethers required for the electrodynamics satellites
to other science instruments located on the pallet.
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The lower boom mechanismlocatedbeneaththe satellitedeployment
boom canistercontainsa tenslometerfor measuringtethertension,and
a tethermeasurementwheel for trackingthe quantityof deployedand
retrievedtether. The primaryfunctionof the upper boom tethercontrol
mechanismis to providea positivedrive tensionto the tetherduring the
phasesof flightwhen the deployedsatelliteis within approximately
i0 km (6ml) of the Orbiterand the gravitygradienttensionin the
tether is less than approximately22 Newtons (5 Ib).
TetherMaterials
Both electricallyconductiveand nonconductlvetetherswill be
requiredfor the TSS. Most of the tetherdesignsconsideredto date
are based aroundKevlar-29,which has a very high strength-to-welght
ratio,a wide temperatureoperatingrange (-I00to +200°C),and
reasonablygoodmechanicalfatigueproperties. Table 1 providesa llst
of tether configurationscurrentlybeing evaluatedfor the TSS. The
variousJacketsand coatingswill be testedfor effectivenessagainst
ultravioletand atomicoxygendegradation.
ElectricalInterfaces
Figure 6 schematicallyillustratesthe TSS electricalinterfaces.
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TABLEi
CANDIDATETETHERCONFIGURATIONS
• Diameter Weight Breakstrengtl
Type Conductor Jacket In/mm Lb/1000Ft/Kg/Km Lb/Newtons
B29/12X 15 None None 0.065/1.65 1.35/2.0 650/2841
i! I! II II II I!
" " SiliconeDip 0.068/1.73 1.80/2.68 "
" " Teflon Braid 0.075/1.91 3.25/4.85 "
" " Kevlar Braid 0.087/2.21 2.75/4.10 "
" " Nomex Braid 0.085/2.16 2.70/4.03 "
Electrodynamic
B29/12 X 10 24 AWG* None 0.075/1.91! 3.60/5.37 I 400/1779
B29/12 X 10 24 AWG* Teflon Braid 0.102/2.59' 5.60/8.35 [ 400/1779
, l
*Insulatedwith 0.38 mm (0.15 in.) polyethylene
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As previously described, TSS control originates from the Orbiter Aft
Flight Deck (AFD). The Deployment and Point Panel is used in a manual
mode only for the emergency severing of the Orbiter-to-Satellite tether
(2 places) or for jettison of the satellite deployment boom. The Standard
Switch Panel is used primarily for "powering up" the system and perform-
ing special functions.
Most control and display functions will be accomplished by the
mission specialist or payload specialist using the Multifunctional CRT
Display System which interfaces with the TSS computer, the Data Acquisi-
tion and Control Assembly (DACA). The DACA contains the control algorithms
required for computing all deployer and satellite control functions,
provides analog/digital and digital/analog conversions, and controls the
formatting of all telemetry data. It interfaces with the satellite through
the Orbiter avionics and computers, and through the Orbiter S-Band Payload
Interrogator. The DACA also interfaces with deployer-mounted science
instruments.
The Motor Control Assembly (MCA) provides power switching functions,
controls 2 brushless tether control motors, and 7 smaller motors, and
provides for miscellaneous signal conditioning as required.
Demonstration Fli_ht Satellites (Additional Data To Be Provided by
Aeritalia During This Workshop)
The satellite for the first demonstration flight will be furnished
by the Italian Council for National Research and will be developed by
Aeritalia. The first flight is currently baselined as an electrodynemics
mission. The 1.5 m diameter satellite will have a mass of approximately
500 kg. Its outer surface will be electrically conductive, and will be
electrically connected (through control instrumentation) to the conductive
tether. At the deployer end of the tether, the tether current will be
passed through slip rings to the pallet-mounted science instruments and to
a fast pulse electron gun which will route the current back to the space
plasma. Figure 7 conceptually illustrates the electrodynamics satellite
and the pallet-mounted science instruments for this mission.
Following completion of the electrodynamics mission, the satellite
will be refurbished and configured for the atmospheric probe mission.
Figure 8 illustrates a potential conceptfor the atmospheric probe.
The currently defined science instruments anticipated for the first two
missions are tabulated in Table 2.
The satellite subsystem includes the following:
(I) Structure
(2) Thermal Control
(3) Attitude Measurement and Control
(4) Propulsion
(5) Telemetry, Tracking and Command
(6) On-Board Data Handling
(7) Electrical Power and Distribution.
2-31
Spherical Retarding
Electrodynamics PotentialAnalyzer
Satellite
' Current Controller
SatelliteSupport_ /r" :Iron GunAssembly
' .... Coldplatei
/
Support
ColdPlate Assembly
MountedEquipment
Figure 7. Design Overview - Electrodynamlcs Satellite
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Figure8. DesignOverview- AtmosphericProbe Satellite
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TABLE 2
DEMONSTRATION FLIGHTS SCIENCE INSTRUMENTS
El ectrodynami cs Atmospheric Probe
Current Monitor Temperature, Wind & Composition
Voltage Monitor Ion Drift Meter
Current Probe Ion Mass Spectrometer
Charge Probe Retarding Potential Analyzer
Photometer Magnetometer
Longmuir Probe Ion Probe
Spherical Retarding Potential Analyzer
Suprathermal Electron Spectrometer
Search Coil Magnetometer
Wave and Plasma Probes
TetheredSatelliteDemonstrationFlishtSystemCapabilities
The TetheredSatelliteSystemis capableof accommodatinga wide
varietyof scientificpayloads,both on the deployedsatelliteand on the
stationary,Orblter-mountedeployer. A preliminarylistingof the
combinedcapabilitiesis providedin Table 3.
TABLE 3
TETHERED SATELLITE SYSTEM DEMONSTRATION FLIGHT CAPABILITIES
Parameter Satellite i Deployer
Maximum Total Mass (kg) 500 2100
Scientific Payload '_ass (kg) 60-80 _00
Payload Volume ;_egotiable(l.Sr.Dial) :_egotia_ie,_S_acela_"_":_'--';)
Temperature (°C) -i0 to +50 ',egotiable
Thermal Eon_.rol(Watts) 50 (Passive) 2 Coldpla'.e_ C:!5CC Ea.
Power @ 28 + 4 VDC
Average (Watts) 50 600-1000
PeaF (Watts) 100 ]500
Energy (_att-Hrs). go0-2000 36,000
Data
Telemetry (KD-PS) 6-12 300-400
Commands (KBPS) 2 Flexible
Operational Altitude'- (Y_) 130 and Amove Up to ]00 km Tether
Orbital Inclination Any Any
Missior, Ouratior (Hrs) 36 36
Position Determ.(Rel.toOrbite
Range +1% i
+zo
- [Angular
Attitude Control i
Pitch, Roll +20
+30 ,.Yaw
Attitude Measurement +0.1 to +_0.30
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TSS SATELLITEOVERVIEW
GianfrancoManarini
2-35
The responsibilities of NASA and PSN/CNR on the TSS Cooperative Program.
PSN/CNR-AIT has completed a series of system support and technological
studies.
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NASA- PSN/CNRRESPONSIBILITIESONTSSCOOPERATIVEPROGP_N
N AS A PSN/CNR
- MANAGEMENT OF THE OVERALL SYSTEM - SATELLITE MANAGEMENT
- ADVANCED DEVELOPMENT PHASE - SYSTEM SUPPORT STUDIES
- DEPLOYER DEVELOPMENT AND TEST - TECHNOLOGICAL STUDIES
- OVERALL SYSTEM INTEGRATIONAND TEST - SATELLITEDEFINITIONAND DESIGN
- OVERALL SYSTEM OPERATIONS - SATELLITEDEVELOPMENTAND TEST
- PAYLOAD INTEGRATIONINTO SATELLITE
TSS SCIENCE EXPERIMENTSADDRESSEDBY A JOINT U.S./ITALIANSCIENCE
WORKING ROUP(SWG)
- U,So RESPONSIBLEFOR D,So AND NON-EUROPEANSCIENCE INVESTIGATIONS
- ITALY RESPONSIBLEFOR ITALIANAND OTHER EUROPEAN SCIENCE INVESTI-
GATIONS
PSN/CNR-AITSYSTEMSUPPORTS UDIES
- ACTIVE VS. PASSIVESATELLITETRADE-OFFSTUDY
- ANALYSIS OF ALTERNATIVEMANOEUVRES
- SATELLITE ATTITUDEAND POSITION DETERMINATIONANALYSIS
- FAILUREMODES ANALYSIS
PSN/CNR-AITTECHNOLOGICALSTUDIES
- MOVABLE BOOM DYNAMIC ANALYSIS
- DOUBLETETIIEREDSATELLITE SYSTEM
- TNEKMO/DYNAMIC ANALYSIS FOR IOO-120 KH ALTITUDE RANGE
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The results of the Active vs. Passive Satellite Trade-Off Study are listed.
The active satellite configuration is characterized by tether llne
thrusters for added artificial gravity and by equatorial thrusters to
damp the in-plane or out-of-plane oscillations for a fast satellite
retrieval. The passive configuration is mainly controlled by the tether
control law and the orbiter by maneuvers, damping out the oscillations for the
same fast retrieval as in the active configuration. The trade-off study
has covered system evaluation actions llke position determination, low
tension control mode, propellant consumption and dynamic analyses
(stability during the retrieval). Based on the Aerltalla/Marshall Space
Flight Center Study, the NASA/PSN conclusions can be summarized as the
two systems are dynamically equivalent. They can both be made to operate
safely for the orbiter. The active system is more complex in terms
of basic design and safety for orbiter software. The system offers
faster retrieval capability and potential design advantages, for example,
deployment Initiation wlth artificial tether tension. The passive
system offers a greater payload mass/volume capability. _k
The active system has a greater maneuverability which is an advantage for
future potential users and for the TSS concept application for the space
station. The active system does not prevent the passive mode capability.
The NASA/PSN design guidelines were mainly to include within the deployer
and the orbiter system the capability to control an active satellite with
the exception of the final stage of retrieval which must be compatible
with the _asslve mode.
0
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ACTIVEVS,PASSIVESATELLITETRADE-OFFSTUDY
- SYSTEM EVALUATIONS • POSITION DETERMINATION
• LOW-TENSION COBTROL MODE
• PROPELLANT CONSUMPTION
- DINAHIC ANALYSIS • RETRIEVAL PHASE STABILITY ANALYSIS
, IMPACT OF INITIAL CONDITIONS AND TIME CONSTANTS ON
PROPELLANT CONSUMPTIONAND REEL-MOTORELECTRICAL POWER
• POTENTIAL MALFUNCTION-MODES EVALUATION
• SATELLITE ATTITUDE DYNAMIC RESPONSE TO THRUSTER MISALIGNMENTS
AND ORBITER OUT-OF-PLANE MANOEUVRES
- NASA/PSH CONCLUSIONS
• THE DYNAMICS OF BOTH SYSTEMS ARE EQUIVALENT
(PASSIVE CONFIGURATION INVOLVES ORBITER MANOEUVRES FOR FAST RETRIEVAL)
• BOTH SYSTEMS CAN BE MADE TO OPERATE SAFELY
•THE ACTIVE SYSTEM IS MORE COMPLEX (BASIC DESIGN, SAFETY MEASURES, ORBITER
SOFTWARE)
• THE ACTIVE SYSTEM OFFERS FASTER RETRIEVAL CAPABILITY. POTENTIAL DESIGN
ADVANTAGES(IN TERMS OF TETHER TENSION ENHANCEMENT, DEPLOYMENTINITIATION)
. THE PASSIVE SYSTEM OFFERS GREATER MASS/VOLUME PAYLOAD CAPABILITY
ACTIVEVS,PASSIVESATELLITERADE-OFFSTUDY(CONT.)
- NASA/PSN CONCLUSIONS (CONT.)
• THE ACTIVE SYSTEM OFFERS GRETER SATELLITE MANEUVERABILITY
•GREATER POTENTIAL FOR USER INTERACTION
•GROWTH ORIENTED FOR "TSS CONCEPT" APPLICATIONS CONNECTED WITH
FUTURE SPACE STATIONS
•THE ACTIVE SYSTEM DOES NOT PREVENT THE PASSIVE MODE CAPABILITY
- NASA/PSN DESIGN GUIDELINES
• INCLUDE CAPABILITY WITHIN THE DEPLOYER AND ORBITER SYSTEM TO CONTROL
AN ACTIVE (TIIRUSTING) SATELI.ITE DURING ALl. BUT FINAl. STAGES OF RETRIEVAL
•DEVELOP AN ACTIVE (THRUSTING) SATELLITE COMPATIBLE WITH PASSIVE CONTROL
DURING FINAL STAGES OF RETRIEVAL
• CONSIDER MODULAR (REMOVABLE) PROPELLANT TANKAGE FOR LARGE MASS/VOLUME
SCIENCE MISSION REQUIREMENTS
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A summary of Analysis of Alternative Maneuvers is shown here. This
dynamic study has been related to all of the phases of themlsslon, such as
deployment, statlonkeeplng and retrieval. Its purpose was to achieve
improved performance, but within the safety and engineering constraints.
The deployment strategy involved the Belectio_ of the initial velocity
vector. Six subphases controlled in tension or rate were defined.
Advantages were a shorter deployment time and a lower propellant con-
sumption, better starting conditions for the subsequent statlonkeeping
phase such as the strategy of optimized control parameters llke the
commanded length, time constant, argument of latitudes, damping factors
and stiffness. The relative advantages were the shorter transition.
time and the smaller In-plane overswlng. The retrieval strategy was a
modified tension law which added a transition rate law and included
additional factors in the tension rate, and thrusters laws_ The advan-
tages were a shorter retrieval time and a lower propellant consumption.
0
In the Satellite Attitude and Position Determination Analysis, a six
degree-of-freedom mathematical model was developed with tether distributed
mass, straight llne, and unelastlc. As to external torques, they were
aerodynamic, thruster, restoring and thruster misalignment. The
dynamic study indicated no specific critical behavior or instability.
An active yaw control system is necessary during the retrieval phase
because the aerodynamic drag is not capable of stabilizing the thruster
misalignment torques.
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ANALYSISOF ALTERNATIVEMANOEUVRES
- DYNAMIC STUDYRELATEDTO EACHPHASEOF THE MISSION AIMING TO ACHIEVEIMPROVEDPERFORMANCES
WITHIN THESAFETYANDENGINEERINGCONSTRAINTS
PHASE STRATEGY ADVANTAGES
DEPLOYMENT .SELECTIONOF INITIALVELOCITY •SNORTER DEPLOYMENTTIME
VECTOR . LOWER PROPELLANTCONSUMPTION
• BETTER STARTING CONDITIONSFOR
.DEFINITIONOF SIX SUB-PHASES
STATION-KEEPING
CONTROLLEDIN TENSIONOR RATE
STATION-KEEPING •OPTIMIZED CONTROL PARAMETERS •SNORTERTRANSITIONTIME
(ARGUMENTOF LATITUDE,COMMANDED •SMALLERIN-PLANE OVERSWING
LENGTH TIME CONSTANT.STIFFNESS.
DAMPING FACTOR)
RETRIEVAL • MODIFIEDTENSION LAW •SNORTER RETRIEVALTIME
• ADDED TRANSITIONRATE LAW •LOWER PROPELLANTCONSUMPTION
• INCLUDED ADDITIONALFACTORS IN THE
TENSION, RATE. THRUSTERS LAWS
(TAKINGADVANTAGEOF THE BOOM PRE-
SENCE)
SATELLITEATTITUDEANDPOSITIONDETERMINArluNANALYSIS
- IMPLEMENTEDA SlX DEGREESOF FREEDOMMATHEMATICALMODEL
•TETHER DISTRIBUTEDMASS, STRAIGHTLINE, UNELASTIC
•EXTERNAL TORQUES : AERODYNAMIC,THRUSTER,RESTORING (DUE TO TETHER
TENSION),THRUSTER MISALXGNMENT
- GENERAL CONCLUSIONS
.DYNAMIC ANALYSIS INDICATED NO SPECIFIC CRITICAL BEHAVIOR OR INSTABILITIES
•ACTIVE YAW CONTROL IS NECESSARY BECAUSE AERODYNAMI_ TORQUES ARE NOT ABLE
TO STABILIZE THE MISALIGHMEHT THRUSTER TORQUES
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The Failure Mode Analysis considered four fa i lure  modes ,involving 
tether elasticity. 
Two fa i lure  modes for a rigid tether were examined. 
FAILUREMODESANALYSIS
- FAILURE NODES INVOLVING TETHER ELASTICITY
• TETHER LONGITUDINAL VIBRATIONS (POSSIBLY EXCITED DURING TRANSIENT STAGES
OF MANOEUVRES)DO NOT INCREASE THEIR AMPLITUDES IF TENSION IS MAINTAINED.
VIBRATORY COMPONENTSOF MOTION EXPECTED TO DECREASE AND ULTIMATELY TO
SLOWLY VANISH
• SUDOEN REELING MECHANISM STOP (FAILURE) DURING DEPLOYMENTOR RETRIEVAL
CAUSES TETHER SLACKNESS
• FOR SHORT DEPLOYED TETHER LENGTH, AN IN-LINE THRUSTER FAILURE OR TIIE
COUPLING BETWEEN SATELLITE SWINGING MOTION AND TETHER VIBRATIONS CAN
CAUSE TENSION LOSS (COUPLING COULD BE PREVENTED BY DAMPER ON SATELLITE)
• THE SEVERED TETHER CONNECTED WITH THE ORBITER COULD ACQUIRE ENERGY TO
GET ENTANGLED IN SOME ORBITER APPENDAGES
FAILUREMODE ANALYSIS(CONT.)
- FAILUREMODES-RIGID TETHER
• UNEXPECTEDIN-PLANEOR OUT-OF-PLANETHRUSTER SHUT-OFF IN RESPECTIVELY
TOLERATEDWITHIN20 MT OR 4 KMFROMTHEORBITER.
OTHERVISE(NOT TOLERATED)THE TIME FOR AN EMERGENCYACTION RANGES
FROM I TO 2 HE DEPENDINGON TETHER LENGTH
• UNEXPECTEDIN-PLANEOR OUT-OF-PLANETHRUSTER PAILS OPEN IS NEVER
TOLERATEDUNLESS PROVISIONSFOR BACK-UPSOLUTIONS ARE PROVIDED.
TIME FOR AN EMERGENCYACTION RANGES RESPECTIVELYFROM 4 HIM (AT 500 NT)
TO 70 SEC (AT 20 MT) AND FROM 1.5 HR (AT 20 KM) TO 70 SEC (AT 20 MT)
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The purpose Of the Movable Boom Dynamic Analysis was to verify the impact
and the effectiveness of the movable boom on the satellite dynamics in
the orbiter vicinity. An appropriate boom control law both in-plane
or out-of-plane has been derived to optimize the damping of the satellite
oscillations. As a result, the defined minimum boom length to satellite
distance ratio which limits the boom effectiveness on the satellite
dynamics was defined. Shorter retrieval time could be achieved by
operating the boom out of plane. _A
A double tethered satellite system means a secondary satellite released
from the deployed primary satellite. A mathematical model and computer
program have been implemented to perform simulations and the secondary
satellite deployment and retrieval maneuvers have been simulated in
order to derive the systems dynamics which control =he strategy and
theoptimumsecondarysatellitemassand tetherlength. In addition,
two retrieval failure modes were studied. These are the primary tether
break and the reel mechanism Jam. The general conclusions are: an
easy, simple, and fast secondary satellite release; a control strategy
for complete, safe and fast secondary satellite retrieval in the passive
mode, and that the failure mode seems to exclude collision with the
orbiter.
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MOVABLEBOOM'DYNAMICANALYSIS
- TO INVESTIGATE EFFECTIVENESS AND IMPACT OF A MOVABLEBOOMON THE SATELLITE
DYNAMICS IN THE ORBITER VICINITY
- DERIVED SUITED BOOMCONTROLLAWS (IN-PLANE AND OUT-OF-PLANE) IN ORDER TO
OPTIMIZE THE SATELLITE OSCILLATIONS DAMPING
- RESULTS
•DEFINED (PARAMETRIC ANALYSIS) TEE MINIMUM "SOON LENGTH TO SATELLITE
DISTANCE" RATIO WItlCH LIMITS THE BOOM EFFECTIVENESS ON THE SATELLITE
DYNAMICS
• SHORTER RETRIEVAL TIME BY OPERATING TH_ BOOM OUT-OF-PLANE
- DUALITY OF THE SATELLITE DYNAMIC BEHAVIOR FOR A FIXED BOOM AND A ROTATING
ORBITER
DOUBLETETHEREDSATELLITESYSTEM
- DEVELOPEDA NEW MATHEMATICALMODEL AND COMPUTER PROGRAMTO PERFORMSIMULATIONS
- SIMULATED "SECONDARYSATELLITE"RETRIEVALIN ORDER TO DERIVE
•SYSTEM DYNAMICS
. CONTROLSTRATEGY
•OPTIMUM "SECONDARYSATELLITE"MASS AND TETHER LENGTH
- ANALYSIS OF THE "SECONDARYSATELLITE"DEPLOYMENTMANOEUVRE
- STUDY OF TWO RETRIEVAL FAILUREMODES
• PRIMARYTETHER BREAK
• REEL MECHANISMJAM
- RESULTS
• SIMPLE AND FAST "SECONDARYSATELLITE"RELEASE
• CONTROLSTRATEGY ALLOWS COMPLETE, FAST, SAFE RETRIEVAL (PASSIVE)OF
THE "SECONDARYSATELLITE"
• FAILUREMODE STUDY SEEMS TO EXLUDE COLLISION RISK WITH ORBITER
- DOUBLE TETHERED SATELLITE UTILIZATIONSEEMS ATTRACTIVE
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In spite of/the very severe aerodYnamlc heat_ o. _the external skin of the
satellite, Jr'is possible to control the internal temperature by appro-
priate thermal control design or components like specific hea t shields.
Further investigation must be performed especially on the non-metalllc
materials for thermal protection_ The major.constraints are related to
the total mass of the satellite which must_be,maintained -within required
limits. In the dynamic analysis, it was:necessary toreflne the model-
izatlon of the last _I0 km of the tether. _.The simulations indicated
stable dynamic response for a maximum tether length corresponding to r_
V
For the most critical and severe conditions the amplitude of the in-plane
oscillations ranges between quite high values and the aerodynamic drag
induces an orbiter decay of about 15 km after about 3 orbits. As a
preliminary conclusion, it appears that the reasonable value of about
llO km altitude could be achlevablewlthacceptable_In-plane oscillation
and orbiter propeilant consumption for the altitude make-up maneuvers, r_
, i .....
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THEPJIO-DYNAI_ICNALYSISFOR10&.120_ ALTITUDERANGE
- TBERHO ANALYSIS
• SEVEIR AERODYHANICBEATINGs EXTERNAL SKIR TSNF|RATURE IN TK| STAGNATION
REGION CAN REACH VALUES ABOVE LIOO *€
• POSSIIILETY TO CONTROLTEE INTERNAL TENPERATUEE BY APPROP|ZATE TNEILMAL
CONTROL €ONPONENTAND DESIGN
• FURTHEI ANALYSIS TO BE PRRFORIqEDEXFRCIALLY IN THE AREA OT HON-HETALLZC
THERHAL PROTECTION NATRRIALS
• MAJOR¢ONSTIA|NT 1SLATED TO SATSLLZT| HEIGHT (TO BE NAZRTAZNEDWITHIN
THE REQUIRED LINIT)
- DYNAH|C ANALYSIS
• REPINED HOOELIZATIOH OF THE LAST SEGHERT (IO KK) Or THE TETHER
,SINULATIONS SHOWA STAILR SATELLITE DYHAHIC !ESPOHSR FOR A XAXZHUH TETHER
LEHGTH OF l|O KH
THERI_-DYNAMICANALYSISFOR100-120_ ALTITUDERANGE(coHT.)
- DYNAHIC ARALYSIS (€OMT,)
• ANPLITUDS OF IN*PLANE OSCILLATIONS RANGES FROH SI DEG SACRUARO TO
22 DEG FORHAED
• AERODYRAHZCDRAG INDUCES AN ORBITER D|CAY OF ASOUT IS RM AFTER 3
ORIITS
• REASONABLEVALU| OF 110 RM ALTITUDE APPEARS TO BE ACHIEVABLE WITH
ACCEPTASLE INopLAR[ OSCILLATIONS AND ORBITER PROPELLANT CONSUMPTION
- POTENTIAL SCIENCE APPLICATIONS FOB DIRECT LONG'TERM OSSERVATION IN A lEGION
WHEREFLIGHT DATA ARE UP TO NOV LIMITED BY VERY SHORT MISSION DURATION
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e
The next charts outline program objectives. The TSS system must be capable
of towing a 500kmsatellite in high or low earth orbit after an upward
or downward deployment up to 100 km of tether length. It must also
provide a retrieval and recovery capabilitywith associated low recurring
costs. Control in a closed loop motion provides long-termaccess up to
altitudes as low as 130 km. This is the actual tether configuration,
of course. A dedicated control panel will cover the TSS atmospheric
observation here outlined, and the space plasma observation indicated
in the next chart. _
The possible TSS applications include e/ectrical power; peak power or
emergency power; electromotive force generation; VLF communications;
microEravity experiments; earth observations; experimental data
collection for reentry and aerobrakes; and chemical releases. .A
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OBJECTIVESOUTLINE .....
- S¥STEH
DEVELOP A SYSTEM TO ENABLE A SATELLITE TO BE TETttERED AT DISTANCES UP
TO |OO KM FROM THE ORBITER
• • • ..
• DEPLOYMENT TOWARD OR AWAY FROM EARTH ; :! -
• RETRIEVAL AND RECOVERY CAPASILITY
• CLOSED LOOP MOTION CONTROL
• LONG'TERM ACCESS TO LOW ALTITUDES
- ATHOSPNERIC SCIENCE
• THERMOSPHERE STRUCTURE AND DYNAMICS
e ELECTRIC CURRENTS IN THE THERMOSPHERE
• ELECTRIC FIELDS AND ION-NEUTRAL COUPLING
• MIDDLE ATHOSPNERE COUPLING
• TRACE CONSITUENT CHEMISTRY
OBJECTIVESOUTLINE(CONT.)
- SPACE PLASMA SCIENCE
, ARTIFICIAL GENERATION OF HYDROMAONETIC WAVES
, CURRENT'DRIVEN INSTABILITIES
• PLASMADYNAMIC INTERACTIONS
• VLF, ELF WAVE GENERATION AND WAVE'PARTICLE INTERACTIONS
*LONG-WIRE ANTENNAS IN MAGNETOPLASMAS
,SIMULATION OF CELESTIAL IODY ELECTRODYNANICS
- APPLICATIONS
* NIGH ELECTRIC POWER GENERATION
, ELECTROHOTIVE FORCE GENEEATION
• ULF COHMUNICATIONS
• MICROGRAVITY EXPERIMENTS
-EARTN OBSERVATIONS
*RE-ENTRY AND AEROBRAKES DATA TEST
,CHEMICAL RELEASES
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This TSS Satellite Configuration is a modular desiEn approach for the
satellite in order to minimize the modifications required to accommodate
the payload selected for different missions.
Specific configuration requirements for deployment between-IS0 and 130 km
altitude include thermal control provision for insulation and an aero-
dynamic stabilizer. The double satellite system is an alternative
conflguratlon capab_llty.
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TSS SATELLITECONFIGURATION
- MODULAR DESIGN APPROACH IN ORDER TO MINIMIZE MODIFICATIONS REQUIRED TO ACCOMODATE
THE PAYLOAD SELECTED FOR EACH MISSIgN
SERVICE MODULE
• MULTIPURPOSE HEMISPHERICAL MODULE
• CONTAINS ALL SUBSYSTEMS
• SHARED BY A WIDE VARIETY OF MISSIONS
PROPULSION MODULE
• REHOVABL£ TO SATISFY LARGE HASS/VOLUME PAYLOAD REQ.'S
PAYLOAD HODUL£
• HEMISPHERICAL OR ANY OTHER GEOHETRY
• RE-CONFIGURED TO HEET PAYLOAD REQUIREMENTS
• ACCOHODATES UP TO 80 KG OF SCIENTIFIC INSTRUMENTS
- DURING FINAL STAGE OF RETRIEVAL AND/OR IN THE "REMOVED PROPULSION MODULE
CONFIGURATION", THE SATELLITE IS CONTROLLED IN PASSIVE MODE
, BY TETHER LAWS
• BY ORBITER ATTITUDE MANEUVERS WHICH PROVIDE THE EQUIVALENT
OSCILLATION DAMPING FOR A FAST RETRIEVAL
. ..,'=• _,_ ' :-'_ • _ " " i ,';,. "- "
TSS SATELLITECONFIGURATION(coNT.)
- CONFIGURATION REQUIREMENTS _OR DEPLOYMENT BELOW 150 KM ALTITUDE
*THERMAL CONTROL PROVISIONS (MULTILAYER INSULATION)
_AERODYNAHIC STABILIZER'
- ALTERNATIVE CONFIGURATION PROVIDES CAPABILITY TO DEPLOY A PAYLOAD
PACKAGE OR A BALLAST MASS FROM THE DEPLOYED SATELLITE (DOUBLE
TETHERED SATELLITE SYSTEM)
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This chart indicates the programmatic aspects. Phase B which consists
of system, subsystem, and GSE activities has been practically completed.
The Phase B will be followed by a bridging phase for system and subsystem
finalization.
This chart continues the bridging phase activities which follow the _M
Phase B and the subsequent Phase C/D .
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TSS SATELLITEPROGRAM
- PHASE B
SYSTEM ACTIVITIES
• REQUIRRMENT, CONFIGURATION, SPECIFIC_L_'_ON, GENERAL DESIGN AND
INTERFACE REQUIREMENTS
• SYS/TECHNOL• STUDIES, TECHNICAL NOTES, SYS I/F ANALYSIS
• AIV, PA, CONFIGURATION AND DATA MANAGEMENT PLANS, DOCUMENTATION TREE
• SUPPORT DOCUMENTS TO SWG, EXP'S ACCOMODATION HANDBOOK, EXPERIMENTS
LOCATION (BOTH MISSIONS)
SUBSYSTEMS AND GSE ACTIVITIES
• REQUIREMENTS, SPECIFICATIONS, CONCEPTUAL DESIGNS, DRAWINGS
• DEVELOPMENT AND TEST PLANS
- BRIDGING PHASE
SYSTEM FINALIZATION
• SPECIFICATION. SYS INTERFACES, PLANS. DOCUMENTATION TREE
• DYNAMICS, OPERATIONS (GROUND AND FLIGHT)
SUBSYSTEMS AND GSE FINALIZATION
• SPECIFICATIONS. DESIGNS. DRAWINGS
• EXPERIMENTS LOCATION AND I/F DEFINITION (BOTH MISSIONS)
TSS SATELLITEPROGRAM (CONT.)
- BRIDING PHASE (CONT.)
TECHNOLOGICALASSESSMENTS
• THERMAL DECOUPLING TESTS
• SURFACE FINISH (PROCESS. CHARACT.'S EVAL., THERMALTESTS)
,PROPELLANT TANK HEAT TRANSFER SIMULATION
ADVANCE PHASE C/D ACTIVITIES
• STRUCTURAL MODEL DESIGN
•THERMAL MODEL DESIGN
•TOOLS DESIGN AND MANUFACTURING
•MATERIAL PROCUREMENT FOR STRUCTURAL AND THERMAL MODELS
•LONG LEAD ITEMS PROCUREMENT
• PHASE C/D PLANS
PHASE C/D PROPOSAL (INCLUDING SECOND MISSION)
- PHASE C/D
• MANUFACTURING, ASSY. INTEGRATION AND TEST
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This chart lists the major program milestones. Phase B started I August
1981. The Baseline Design Review Meeting started 30 May and will
be completed within the month. The subsequent Bridging Phase ATP is
scheduled for June 1983, the Phase C/D proposed by late November or
early December of this year, with a final review by March 1984. Phase
C/D ATP starts i April 1984. The other indicated milestone dates are
now under evaluation and are subject to change.
This chart summarizes the PSN/Aeritalia studies related to the TSS
application to the Space Station. The first study was a deployment,
stationkeeping and a retrieval of satellites by using the improved TSS
configuration with less critical constraints than the ones imposed by
the orbiter in terms of satellite mass, tether deployment length, and
mission duration. Other studies include: tethered teleoperator
maneuvering system studies; a rendezvous and docking facility for the
Space Station; payload transfer to higher or lower energy orbits;
stationkeeping with a possibility of modifying some orbital parameters;
fluid transfer by gravity gradient; tether space architecture; and
utilization of the external tanks. The wind tunnel facility will be
related to the present TSS configuration for the acquisition of additional
experimental data for reentry and aerobraking.
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TSSSATELLITEMILESTONES
- PHASE B • ATP .................. 1, AUGUST - 8L
• BASELINE DESIGN REVIEW (BDF) ....... 30 MAY/1 JUNE - 83
- BRIDGING PHASE .ATP ........................ JUNE - 83
• PHASE C/D PROPOSAL ............. ' . DECEMBER- 83
• FINAL REVIEW .................. MARCH - 84
- PHASE C/D • ATP ..................... I, APRIL - 84
• PREL. REQ,'S REVIEW (PRR) ........... I, MAY - 84
• PREL. DESIGN REVIEW (PDR) ........... _I, AUGUST - 84
•CRITICAL DESIGN REVIEW (CDR) ......... I, MARCH - 85
• ENG. MODEL AVL. AT MMA ........... I, MARCH - 86
• EXP'S AVL. AT AIT .............. I. APRIL - 86
•SATELLITE AVL. AT MMA ........... I, OCTOBER - 86
- TSS AVAILABLE AT KSC ..................... I, JANUARY - 87
- FLIGHT I (FIRST MISSION) .................... 30, APRIL - 87
- FLIGHT 2 (SECOND MISSION) ................... 30, APRIL - 88
TSSCONCEPTAPPLICATION- PSN/AITSTUDIES
- DEPLOYHENTAND RETRIEVALOF SATELLITES (IMPROVEDTSS INTEGRATEDINTO SPACE STATION)
- TETHERD TELEOPERATORMANEUVERING'SYSTEM
- RENUEZ-VOUSAND DOCKING FACILITY FOG SPACE STATION
- PAYLOAD TRANSFER TO HIGHER OR LOWER ENERGY ORBITS END RE-ENTRY
- STATION-KEEPINGOF SPACE STATION AND POSSIBILITYOF MODIFYING THE ORBITAL PARAMETERS
- FLUID TRANSFER BY GRAVITY GRADIENT
- TETHER SPACE STATION ARCHITECTURES(LOW G FACILITY AND CONSTELLATION)
- UTILIZATIONOF ET'S FOR TETHERED SPACE STATION
- gIND TUNNEL FACILITY FOR RE-ENTRY AND AEROBRAKES DATA TEST
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SATELLITEMODULEDESIGN
MarcelloVignoli
Aeritalia
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The b a s i c  requirements of t h e  TSS s a t e l l i t e  a r e  a multimission v e h i c l e  
a b l e  t o  c a r r y  s c i e n t i f i c  payload away from t h e  S h u t t l e  o r b i t e r  i n  t h e  
range of 130-330 nominal km, bas ing  t h i s  f i g u r e  on a 230 km s h u t t l e  o r b i t .  
The multimission c a p a b i l i t y  i s  obtained by adopting a modular concept 
f o r  t h e  s a t e l l i t e .  This  a l lows easy reconf igura t ion  mission by mission, 
easy refurbishment because t h e  same s e r v i c e  module performs both aero- 
dynamic and atmospheric missions which a r e  q u i t e  d i f f e r e n t  and minimizes 
c o s t  and schedule. 
The modular concept i s  r ea l i zed  wi th  a payload module (PM), an Auxi l ia ry  
Propulsion Module (APM), and a s e r v i c e  module (SM). These a r e  t h r e e  
sepa ra t e  modules. For i n s t ance ,  t h e  payload module i s  thermally 
separa ted  f romthe  o t h e r  two modules i n  o rde r  t o  minimize t h e  i n t e g r a t i o n  
problem. The a u x i l i a r y  propulsion module i s  a sepa ra t e  module t o  reduce 
t h e  t i m e  o f  i n t eg ra t ion .  The s a t e l l i t e  i s  a b l e  t o  f l y  without any a c t i v e  
t h r u s t e r .  The s e r v i c e  module i s  t h e  one t h a t  remains constant  between 
a l l  t h e  missions both aerodynamic and electrodynamic. I n  t h e  e l ec t ro -  
dynamic mission t h e  s a t e l l i t e  has  a spin-up c a p a b i l i t y  up t o  1 rpm a s  
requi red  by t h e  s c i e n t i s t s .  It can have a s tandard f ixed  boom f o r  
s c i e n t i f i c  instrumentat ion o r  a deployable boom furnished by t h e  
s c i e n t i s t s .  The c a p a b i l i t i e s  t o  connect t h e  conductive t e t h e r  and t h e  
instruments  and t o  vary  t h e  r e s i s t a n c e  between t h e  s a t e l l i t e  and t h e  
t e t h e r  a r e  requi red  i n  some experiments. For atmospheric missions t h e  
s a t e l l i t e  w i l l  not  be  spinning. It w i l l  be  s t a b i l i z e d  i n  yaw aero- 
dynamically. 
SATELLITE CONCEPT
THETSS-SATELLITEISAMULTIMISSIONVEHICLEABLETOCARRYSCIENTIFICPAYLOADS
AWAYSFROMTHESHUTTLE-ORBITERINTHERANGEOF130_330• INALTITUDE
- THEMULTIMISSIONCAPABILITYISOBTAINEDA OPTINGAMODULARCONCEPTOFTHE
SATELLITESUCHTOALLOWFOR_
•EASYRE-CONFIGURATION
•EASYREFURBISHMENT
•COSTANDSCHEDULEMINIMISATION
SATELLITE CONCEPT (CONTINUED)
THEMODULARCONCEPTISREALIZEDWITH:
- A PAYLOADrIODULE(PM)
- A SERVICEMODULE(SM)
- ANAUXILIARYPROPULSIONMODULE(APII)
ELECTRODYNAMICSSION ATMOSPHERICMISSION
,SPIN-UPCAPABILITY ,AERODYNAMICTAIL
,..STANDARDFIXEDBOOMFOR ,PECULIARTHERMALCONTROL
SCIENTIFICNSTR,
, CAPABILITYOF ELECTRICAL _ , APMREMOVABLEANDREPLACEARLE
CONNECTIONBETWEENINSTRU- _ WITHADDITIONALPAYLOADMENTSANDTETHER (CHEMICALRELEASEMISSION)
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The main objectives of the TSS are to accomplish scientific experiments
with instruments both on-board the satellite and on the deployer. How-
ever, in the two first missions particular attention will be given to
demonstrate the feasibility of the tether concept in terms of the
capability to deploy, maintain on station, and retrieve the satellite
from the orbiter. This is priority one of the first two missions, the
first electrodynamic and the second atmospheric. These mlssions plan to
have a substantial payload in the satellite.
From the system verification point of view, two main objectives are to be
achieved: (i) to demonstrate the capability of the combined action of the
deployer (with suitable tether control laws) and of the satellite (with
its thrusting capability) to control the satellite dynamics during the
various mission phases, particularly during deployment and retrieval and (2)
to demonstratethe capabilityof the satelliteto withstandthe atmos-
phericheating in the lower region of the atmosphere (130-150 KMof .A
altitude above standard Sea level).
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MISSION OBJECTIVES
THEMAINOBJECTIVESOF THETSSISTOACCOMPLISHCIENTIFICEXPERIMENTWITH
INSTRUMENTSBOTHON-BOARDOF THESATELLITEANDONTHEDEPLOYER.
HOWEVER,INTHETWOFIRSTMISSIONSPARTICULARDEVOTIONHILLBEGIVENTO DEMONSTRATE
THEFEASIBILITYOFTHETETHERCONCEPTINTERMOFCAPABILITYO:
, DEPLOY
,MAINTAINONSTATION
.RETRIEVE
THESATELLITEFROMTHEORBITER
MISSION OBJECTIVES (CONTINUED)
FROMTHESYSTEMVERIFICATIONPOINTOFVIEW.TWOMAINOBJECTIVESSHALLBEACHIEVED:
-DEMONSTRATETIIECAPABILITYOFTHECOMBINEDACTIONOFTHEDEPLOYER(WITHSUITABLE
TETHERCONTROLLAWS)ANDOFTHESATELLITE(WITHITSTHRUSTINGCAPABILITY)O
CONTROLTHESATELLITEDYNAMICSDURINGTHEVAR{OUSMISSIONPHASES,
- DEMONSTRATETHECAPABILITYOFTHESATELLITEOWITHSTANDTHEATMOSPHERICHEATING
INTHELOWERREGIONOFTHEATMOSPHERE(130_ 150KIiOF ALTITUDE)
SUITABLEPLANNINGOFTHETWOFIRSTMISSIONSANDDEDICATEDENGINEERINGSTRUMENTATION
SHALLBEPROVIDED,
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The first missionis plannedto be an electrodynamicmissionat 20 km
away from the Earth. The secondmissionis plannedto be an atmospheric
missionat i00 km towardEarth,but not below 130 km in altitude.
These are computedvalues and will be checkedduringthe missionitself,
if the temperatureof the satellitehas the expectedbehaviorduring
this maneuver. The nominalmissiondurationis 36 hours. The non-
operatingtime is 150 hours which is the time that the satellitecan
be in the cargo bay of the Shuttlewith the door open. The minimumtime
for experimentsis 16 hours. The satellitecapabilityto operatewith
any orbiterinclinationand in the range of 130-150km ofaltitudewill
be examined.
This chart illustratesthe missionphases. There is a i-3 hour period
during orbiter ascentand orbit acquisition and then a quiescent period
of less than 150 hours duringwhich the satelliteis unpoweredand
the cargo bay are opened. Afterwards,we have a satellitecheckoutof
1 I/2 hours, followed by a satellite pre-deployment and full checkout
periodof 1 1/2 hours. Satellitedeployment,stationkeeping,and
retrievalcomprisethe next 36 hours of time, followedby a post-
retrievalof I/2 hour. The secondquiescentperiodthen occurs for a
periodof less than 150 hours followedby a 1-3 hour descentand
landingperiod. The total missiondurationof 36 hours can be increased
if requiredby the scientists.
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MISSION REOUIREMENTS
ISTMISSION 2NOMISSION
, ELECTRODYNAMIC , ATMOSPHERIC
, 20KMAWAYFROMEARTH , 100• TOWARDEARTHBUTNOTBELOW130
KIiINALTITUDE
,NOMINALMISSIONDURATION:36HOURS
I
NON-OPERATINGTIME :150HOURS
,MINIMUMTIMEFOREXPERIMENT:16 HOURS
,SATELLITECAPABILITYTO OPERATEWITHANYORBITERINCLINATIONANDINTHERANGEOF
130_ 330_ALTITUDE
MISSION DEFINITION
,THEMISSIONPHASES(OPERATIVEANDNON-OPERATIVESATELLITE)ANDRELATEDDURATIONSARE
PLANNEDASFOLLOW:
SHUTTLE ASCENT AND SATELLITE
ORBIT ACQUISITION DEPLOYMENT QUIESCENT.2
QUIESCENT 1 7SATELLITE {(DOORS OPEN)(DOORS OPEN) STATION-KEEPINGr ........ /l . .... I
// ; l"
SATELLITE ATELLITE
PRE-DEPLOYMENTA RETRI EVAL
AND FULL /
CHECK-OUT /
2-63
The satellite, by means of its subsystems will perform functions in
support of the payload and the system operations. The following sub-
systems will be included: structure; thermal control; attitudehmeasurement
and control; auxiliary propulsion; telemetry, tracking, and command; on
board data handling; electrical power and distribution; harness; engineering
instrumentation.
The satellite configuration is a sphere with a 1.5 meter diameter.
The satellite comprises two hemispheres which can be latched at the
equator. The service module, attached to the tether, accommodates the
electronic hardware required to support the payload. A honey-comb equa-
torial floor holds in position the GN2 tank. The payload module, furnished
with the annular and the two mutually orthogonal semi-circular frames,
provides space for instruments location at least roughly 0.4 cubic meters.
0
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SATELLITE FUNCTIONS AND PERFORMANCE
, THESATELLITE.BY FIEANSOF ITSSUBSYSTEMSWILLPERFORMFUNCTIONSINSUPPnRTOF
BOTHTHEPAYLOADANDTHESYSTEMOPERATIONS,
,TIIEFOLLOWINGSUBSYSTEMWILLBE INCLUDED:
- STRUCTURE
- THERMALCONTROL
- ATTITUDEM ASUREMENTANDCONTROL
- AUXILIARYPROPULSION
- TELEMETRY,TRACKINGANDcOr_AND
- ONBOARDDATAHANDLING
- ELECTRICALPOWERANDDISTRIBUTION
- HARNESS
- ENGINEERINGI_ISTRUMENTATION
, SATELLITECONFIGURATION
- SPHERICAL IN SHAPE, WITH 1.S METERS IN DIAMETER, THE TETHER STAELLITE COMPRISES
TWOHEMISPERES WHICH CAN BE LATCHEDAT THE EOUATOR, _
-THE SERVICE MODULE, ATTACHEDTO THE TETHER, ACCOMMODATESTHE ELECTRONIC HARDWARE
REoUIRED TO SUPPORTTHE PAYLOAD.
- A HONEY-COMB EOUATORIAL FLOOR HOLDS IN POSITION THE b"N'_TANK,
- THE PAYLOAD MODULE, FURNISHED WITH THE ANNULAR FLOOR AND TWO MUTUALLY ORTHOGONAL
SEMI-CIRCULAR FRAMES, PROVIDES SPACE FOR INSTRUMENTS INSTALLATION,
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Section A-A of the tethered satellite.
SectionB-B of the tetheredsatellite.
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SECTION A-A 
2: 
2' . SECTION 8-8 
The total mass of the satellite is 500 kg. for both missions. The moment
of inertia is roughly the same. The satellite shell material is aluminum
alloy 20/24 E4. The surface finish is conductive for the electrodynamic
mission and at least 15% surface area could be conductive for the atmospheric.
We have just taken the option to consider the possibility to use the same
surface finish for both missions so as to increase the conductance of the
atmospheric satellite paint. The payload mass is 80 kg for the electro-
dynamic and only 60 kg for the atmospheric. This is mainly due to roughly
i0 kg or more of gas required for the atmospheric mission retrieval. The
weight of the inner sensor is required by the atmospheric scientists who
require more precise data than the eleetrodynamie scientists. This adds
roughly another I0 kg to the satelllte's basic weight. The satellite
external diameter is 1.5 m. The proposed paint is Goddard NS 53 B green,
having surface resistivity of i X 103_m 2, while for ATM SAT it is Goddard
NS 43 C yellow having surface resistivity of I X 105_m 2.
V
The thermal environment relative to the payload module is in general from
-i0 to +50 degrees. When B, the angle which the sun's rays make with the
satellite orbit, equals 0 degrees the thermal environment ranges from -i0
to .IO degrees; when 8 equals 90 degrees, _he _hermal environment ranges
from +30 to +50 degrees. The +38 to +50 range is not expected with the
currently planned orbiter.
V
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Sntnlllt_ Hnehnnlc_] C_pabJl_tJe_
i
TYPE
S,N_ PARAHETER
EDY SAT ATH SAT
=, .,.
t, SATELLITE TOTAL MASS .500 kR max, 5OO kg mnx,
2. .O.E.TOVZ.EReIA 120k_-m 2 120 kx.=2
3. SATELLITE SHELL HATERIAL ALLL_tltlt_4ALLDY AIJJ.M_;nJHALLO¥
4. sURFACE'FINISH* CONDUCTIVE tS._'_F_AREA
CONDUCTIVE
5. .PAYLOAD HASS 80 k_ nOm. 60 kR nom.
6. SAT£LLITE SHAPE SPHERICAL SPII£RICAL
?, SATELLtTE EXTERNAL DIAMETER |,S m 1.5 m
Note_
N
Proposed paint for EDY SAT Is Coddard NS S] B qreen,
having surface resisttvtey ot 1X IO]-J_m2,- while [or
ATN SAT L¢ £s Coddard N$ 43 C ye_Zo_ hav{n_ surface
relLsttvtty o£ I X 10_-rLm2.-
Th*r_al Envlrnnm*nt (Electrndynnmle Mission]
T_mp. *C
NODE _£HAPKS
Mln. H_x.
s .-
Paytoad. Hqdute - 10 * 10 A* • O'
• 30 * 50 fl o 90*
• n Is the _R!* which th. nun rnys mske with th"
satel!Ite orbit.
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The electricalfacilitydedicatedto thepayloadhas an average power of
50 W/16 hr with a peak power of i00 W/100 min total. The maximum
energy during the mission is 900 W-h. The last science working group
passed on the requirement to consider as a second option 2000 W-h of
more energy at the expense of about 14 kg of payload. There is the
requirement to consider this as a baseline mission so that the baseline
is 2000 W-h and 66 kg of payload. As an alternative 900 W-h can be used
with 80 kg of payload. There are limits in both average and peak power.
The second requirement means thatthe scientists are looking at longer
duration than plannedmisslon. The voltage is supplied regulated at 28,
4 VDC.
The telemetryacquisitionof payloaddata uses 64 channels (Analog,Dis-
crete,8-16 Bit Serial)with a bit rate of 6 KB/sec duringdeployment
and retrievalbecauseof the use of a lot of telemetrythat is not in
any way limitedto 16 KB/secby the shuttlepayloadinterrogatorduring
retrieval. This telemetryis used to controlthe satellite. During
statlonkeeplng,12 KB/sec are allocatedto the payload. There is an
event datatlonof 16 bit words between8 _s and i ms resolution,a
synchronizationsignalbetween 2 and 32 Us intervals,and a 16 bit
word master time distribution. For the telecommanddistribution,there
is a 64 channeltelecommandthat can go to instruments.The commandbit
rate is .5 KB/secduring deploymentand retrievaland 1.5 KB/secduring
stationkeeplng.
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PAYLOADDEDICATEDLECTRICALFACILITIES
PARAMETER VALUE
AVERAGEPOWER 50WATTS/ISHR$
PEAKPOWER 100_rATTSI100{1INS,
t_XIMUMENERGY 90_/ATT-HRs
(2000 WATT-HR$ FOR LONGER DURATION AT" THE EXPENSE OF
ABOUT 14 KG OF PAYLOAD)
VOLTAGE 28_ 4 VDC
£Lectrleal Facilities
TELEMETRYACOUISITION OF PAYLOADDATA
Hq. o£ Channels 64 (Analog. Dlscretet8-t6 Bit
Serial)
Bit Rate 6 KBIsec durlnKd_pLoyment and
retrleva!
12 KB/sec durlnE station k_eplnE
Event datatl'on 16 bit word 8_s - ! ms r_solutlon
Sync. Signal 2 - 32ps InteL'vaL
M_ster Time Distribution 16 btt word
Te_eenmmand Distribution
No. of Channels 64
Command Sit rate 0.5 KB/s Deployment & Retrieval
phases
t.5 KB/s Station keeping Phnse
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This chart outlinesthe SatellitePositionDeterminationAccuraciesat
the nominalconditionof 20 km above the orbiterfor the electrodynamic
missionand 100 km below for the atmospheric, we expect to have an
Orbiter-SatelliteAltitudeAccuracyof _ 120m for the electrodynamic
missionand +400m for the atmosphericmission. This figureis based on
Ku-bandradar accuracyof the Shuttleradar. The Orbiter-to-
SatelliteLine of Sight Angle Accuracyis_2.5°. The satellitealtitude
accuracyand and satelliteplannaraccuracyare peculiarfiguresto be
determinedby MartinMarietta.
u
This chart outlines the expected parameters for Altitude Control and
Measurement Accuracy.
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Satellite Position O_tPrminitinn Accuraczes (]o- I
MISSION
5,ND. P A R A 14 E T £ R
RDY ATM
I. SatellLte altLtude above OrbLter 20 Km 100 Km
2. Orbiter-Satellite Altktude Accuracy e _120 m _400 m
_Ku°band radar accuracyI
3. Orbiter-to-Satellite LOS Anqle accuracy *e _2.5" . _2.se
4, SateZlite aEtitude accuracy ?DD TeD "
5,: Satellite Planner accurary TtlD Ton
* Ku-band radar used tn PassLve made for _DY SAT and actLve mode [or ATH
SAT. Quoted accuracLes are Sumor Raedom and Bids errors.
e* LOS angle Is xu-b4nd radar anqle both for in°plane and out-of-plane an
qlea.
ATT|TUOC CONTROLg MEASUREHENTACCURACY
_.t_ _ARA_I:TYR HI'i_|ON
ROY (2OKm)f ATH ;t00x_l
1. Tether in-plane ._nqle rnnqe* * O.Se 1.S*
9iJs • 1"
(Polar orbit
2. Tether out-ot°plan_ anqlo
ranqe * _ 0.1" _0.2"
3. qat_llit_ ?_tch Jnqle ranqe** _ 2* .2" €o -4"
4. _oll " " * 2 ° * te
5. Yaw " ° _.A. $S._ °
(P_t,lr orbit
G. " StLde Stt_ " " N,A. * 2"
7. " ?itch anqte accuracy _U _ _0 Z 0,_0
6. " _oZz " - ±io ±0.3o
_. v=_ . . ± 20 ± 0,3 °
TETHER PITCE g ROLL ANGLES RANGECONTROL Is SYSTEM RESPONSIBILITY,
_ THESE FIGURES, OBTAINED VIA AERITALIA SIMULATIONS NEGLECT TETHER CONTROLLAW ERRORS, AND
TAKE INTO ACCOUNTPOSSIBLE C, OF G,ERRORS, THRUSTERSMISALIGNHENT AND TETHER INERTIA EF-FECTS,
n_ ATTITUDE ANGLESARE MEASUREDBY RATE INTEGRATING GYROS (_[_) AND ARE PERIODICALLY UP DAT[_BY FOUR TWO-CHANNELSUN SENSORS.
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This chart su=uarizes the Attitude Oscillation Characteristics for the
electrodynamic and atmospheric missions. F_
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ATTITUDE OSCILLATION CHARACTERISTICS
_.No PAHAM_T[H
[UY (20 km) ATM (100 km)
1." Tether |n-plane o_ellJatlon 3U_O _ee. 30uO _e. (EquutnrJul)
period _bb? uue. (Polue)
2. Tother out-or-plant' 2bb7 _no. 2Gb7 _e¢. (Equutnrl_|)
b334 .ee. (Polur)
3°. S_tullJto Pltch Period belO/3OUU =or. 5_10 u_e, & Tother
nseJllutlon
4. S,tolllto Holl Period btlO/2667 _eo. btlO see. & Tother
o_clllutJon
5. SutellJto ¥_w Period N.A. (| IIPH _ |0_) 120e2_0 _€.(_nd b3_4 uuc..In POIuP
OrOit)
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SESSION III
FUNDAMENTALS AND APPLICATIONS
3-1

TETHERFUNDAMENTALS
CharlesRupp
MarshallSpaceFlightCenter
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The forces that are on each of the tethered bodies in the tethered
satellitesystemareshownherein thischart.
When the system rotates, the position of the center of gravity is not going
to be at uniform altitude and additional work needs to be done in really
defining that motion. It's going to be some sort of elliptical or
scallopedshape trajectory, r_
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FORCESONTETHEREOSATELLITES
! CENTRIFUGAL * rt _pa2
'_ACCELERATION "--
'_ GRAVITATIONAL' _ _.
TENSION T 1 . Gmkl
v ACCELERATION / ;'|
/
/CENT. o,.*. -
CENTEROF
.......- .---- G I _,_A,lIV TY. -- ---. --
"-,- .,... O_11]PTETHER • "
f TENSION T2 | CENTRIFUGAL "r I kJe| ,,_ ._
ACCE_LERATION --
GRAVITATIONAL t _le_m _)w
ACCELERATION ;'2
- Gmh2
eI
|ARTttLOCAL
VERTICAL
ACCELERATION
RESULTANT
ACCELERATION
COMPONENT
2_" GRAVITATIONALACCELERATION
This chart plots tether tension as a function of the effective mass_.and
the distanceto which the satelliteis deployed.
This chart shows some of the materialsthathave been consideredfor the
use in tetheredsatellitesystems. Early in the Phase A study the stainless
steelwires were consideredas the one alternative.The steelwires though
sufferfrom being fairlystiff. Kevlar turns out to be a fairlygood candi-
date from the viewpointthat it has a very high strengthto weight charac-
teristicand its roughlyseven times strongerthan steel for a given mass
of tether.
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- I I i ! i I I ] ! I | I l I | I I I 4"1 I I.
;b"TSS DESIGN ,.'-- . _ _- _._._'Crr,. "-" . 'Z.,u'-
i -- TENSION ._" _ _'rS!_ I"- / S'
I.G i I ! I ! I I ! I I I | I I I I I I I ! I I I I
1.0 10 100 1.000
TE)|i(|i | (N_TII |KM)
TETHER TENSION TO GRAVITY GRADIENT VERSUS TETHER LENGTH
FROM CENTER OF GRAVITY AND EFFECTIVE SATELLITE MASS
Candldate Tether Materlal Parameters
Kevlar Kevlar Dacron Nylon Rayon Steel Glass Glass Graphite
29 49 T68 T-128 Viscose Wire E S HT
Densityg/cc 1.44 1.45 1.38 1.14 1.52 7.74 2.55 2.50 1.50
Ib/inj 0.052 0.052 0.050 0.061 0.055 0.280 0.092 0.09 0.054
Denier/Filaments150011000 3801258 13001100012601840 Staple Fil. Fil. Fil. Fil.
"l:ensileStrength
psix 10j 500(400) 525(400) 105(801 117(70| 70t35) 600(500) 500(350)650(500)500(350)
MNtM7- 3.450 3.620 550 480 240 4.140 3.440 4,480 3,440
GPD(tenacity) 20-22 22.4 .. 4.5(8) 5 (8) 2 (4) 3.9 9,6 12 16
TensileModulus
psix 106 9,1 19 1.5 0.7 0.4 30 10.5 12.6 35
MNIM"x 105 63 131 10 5 3 208 72 87 240
GPD(stiffness) 480 1004 21 18(_.48___ 11 -- -- -- --
___Elong.ation°o 3.6 2.T5(2.41 15 19 17 1.1(10l 3.1 3. 1.9
DielectricConstant 3.4 _.4 4 4 4 -- 4.5 4.5 5
LossTangent 0.00S 0.005 01 .01 .01 -- .01 .014 2.5
SpecificT.S.(in)]o't 10(8) 10(8) 2 -, 1.8 1.3 2,1 5.4 7.2 9.3
MeltPoint°F. 800_Fchars800"Fchars 482 482 chars 2550°F 1290CF 1540°F 6600"F
450_C 450"C 2,50"C 250cC 1400°C 700"C 840°C .3650':'C
SpecificModulus(in) 1.75 3.6 .3 .11 .07 1.1 1.2 1.4 6.5
(a)Nominalproperties(Note):Thistableoversimplifiesthepropertieswiththeuseof singlenumberfilamentproperties.
_,11haverangesof strengths,densitiesandstatisticaldistributionsof all properties.Theyarecommerciallyavailable
materialsbutyarnandcompositepropertieswilltendto belower((inparenthesis)).
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The nextchartstatesthe controllaw thatwas lookedintoat Marshall
in thePhaseA study.
This chart describes _ethered satellite deployment and retrieval.
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STABILIZATIOH COKI'ItOLLAW
TZTHERED SATELLITI_ DE?LOYI_NT AND RETRIEVAL
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A tethered satellite system can have a great deal of angular momentum
when you look at the rotation of the system about its center of gravity
as it goes around in orbit and initially before the system is deployed
if you consider the two bodies to be point masses.
V
This chart addresses the momentum issue which involves making use of the
electric motor effect to boost the orbit of the tethered system.
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M1
ORBIT PRIOR TO / // xO M2 - ' • %_ _
DEPLOYMENT_//,, ,. \/ \
AFTER , \\
/ I
\
, !I INITIAL rI/, I
, g\ ,
DEPLOYMENT\ /
WIIEREDID TIIEANGULARMOMENTUMCOMEFROM
This chart illustrates a phenomena described in a Smithsonian report. This
is a report that Smithsonian did on the tether launcher work and it de-
scribes an interesting condition. For long tethers it is impossible to
have a situation where as you retrieve the tether system, i.e., bring the
two bodies together, the lower body can appear to be rising just up to
the altitude of the higher body or likewise as you deploy, the altitude
of the higher body can remain stationary.
This chart shows the tethered system acts on the orbiter center of _k
gravity,
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k VERYLONGTETHERPHENOMENON
DEPLOYED
f _ _" .ET.,,CTED
/ _I _0 M1. M 2
.._ _,- _ /,o
SHUTTLETETHERED SATELLITEEFFECTS ONTIIEORBITER
X 57 X 1305
768
KU BAND
RENDEZVOUS
RADAR
ANTENNA,
X 566Y 154.6
Z 443.875 \
x 200 \
Z
oo
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Plotted on this graph is the acceleration that is experienced at the end
of a tether. This tether length is measured from the CG to the satellite.
Very large accelerations require very long tethers. For the first
early missions when using some of the more common kinds of tethers it is
expected to have tethers roughly in this range. One has to go to the taper
tether to get to the further longer deploying ranges. It is expected that
there will be some science payloads that could take advantage of the even
small amount of gravity associated with the short deployment.
This chart describes what might be the most critical problem associated
with the tether launchers. The velocity of attempting to pick up a
payload or snatch a payload from an orbiter that is coming up to a lower
end of a tether launcher system.• This is the relative velocity that a
tethered satellite has with respect to a free flying satellite flying
at the same altitude as the satellite at the end of a tether.
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"ARTIFICIAL" GRAVITY
100.0OO-
EFFECTIVE MASSTETHERED" 100.000Kg.
10._ --
__*-,-.'_o._ K,j.._
,_-_ _ ,_,._
10.-, __ AC_CEI.ER_AT!ONAT MAS_.G'J
. 0.01 0.02 0.04 0.06 0.1
1 I I I
10 lO0 10(]0
TETHER LENGTH KM.
TETHERED SATELLITE RENDEZVOUSAND DOCKING
RELATIVE VELOCITY
i000 ...................
a: 100
t_
JO 100 1000
TETI[ERLP.NG'I'IIFROMCF.NTRR-OF-GRAVITT,104
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Shown here on the right is a characteristicof how much reel diameteris
requiredto store given sizes of tetherstartingwlrh drum'dlametersof
6" on out'to 38". What the tethersatellitesystemreel can contalnand
the tetherlengthstoredon the reel is shown. Also shown is a mass
summarywhich breaksdown the mass of the tetheredsatellitesystem into
variouselements. If one had an applicationhaving ten times the tether
mass associatedwith it, one could possiblyextrapolateupward from the
220 to 2,200kg and multiplythe tethersupportby a factorof ten and
keepingthesatellitesupportelectronicsthesamegeta handleon k
what the total subsystemor total systemmasseswould be.
Where is the limit on our extrapolationof the designsto these future
appllcatons?The tetherpropertiesthemselveswill be the limit on most
of the applications,findingthe high strength,high temperature,high
specificstrengthtethermaterials. Anotherissue associatedwlth the
strengthrequirementis what factorof safetyshouldbe used in the design?
If it is a single strand,one would want to use a fairlyhigh factorof
safetywhich greatlyaffectsthe overallmass requiredin the tether
system. If one is more clever,he might have multiple strandswhich
can give redundancyand thus decreasethe factorof safetyone would
want to have in the system and effect a more realisticdesign. System
limitationsare those kinds of limitationsdealingwith the end effector,and
the terminalrendezvousand dockingissue associatedwith launchers. The
cost benefittrade is also of interest. ¢
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SCALING UP FROMTIlE SHU'I'TLE/TETIIERED SATELLITE SYSTEM
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SCIENCEAPPLICATIONSI
FrancoMariani
Universityof Rome
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SCIENCEBY TETHEREDSATELLITES
Introduction
It is now sufficiently clear that tetherswill play an important
role on either technologicalor scientific progress of space science.
After all, this is the real meaning of our presencehere for our three-
day workshop. In this short presentation, acknowledge is given to
previousdocumentswhere scienceby tethershas been suggestedsince
the early ideas by Isaac et al. (1966) and the report by Colomboet al.
(1974). Since then careful technical studies and wide scientific
discussionshave shown the feasibilityof the projectand confirmedits
scientificinterestto the point that we have now just reachedthe phase
of solicitingscientificproposalsfrom the worldwidecommunityfor the
first two missions,which are indeeddemonstrationflightsbut also
have a large scientificpotential.
We shall give an overviewon the scienceby tetheredsatellites,
in particularfor the first two missions,also the model payloads
consideredin the feasibilitystudy for an electrodynamicand an atmo-
sphericmission.
The Main ScientificObjectives
Scientificgoalswill be achievedin two correlatedgeneralfields:
one has to do with the physicsof the atmosphere,the ionosphere,and
the magnetosphere;the otherwith the physicsof plasmasin space.
Actuallythe two fieldsprimarilyoverlapwith each other;however,we
shall considerthem separatelyfor practicalpurpose.
Atmosphere,Ionosphere,and Mabnetosphere. The neutraland ionized
gaseousenvironmentand its expansiontoward the interplanetarymedium,
in the presenceof the terrestrialmagneticfield constitutea complex
systemwhose understandinghas made enormousprogressin the last quarter
of centry. However,many basic questionson the globalprocessestaking
place insidethe systemare still unanswered,in particularthose taking
place in the range of altitudesbelow 200 km down to 80-120km. It is
Just this last altitudewhere the atmosphereprogressivelyceases to be
mixed by the turbulence,as typicalof all the lower atmosphere. Above
it moleculardiffusionbecomespredominant(i.e.,atmosphericconstituents
begin to separatefrom each other) and atomicoxygenbecomesan important
constituent. At this altitudethe mean free path of the atmosphericgas
is comparablewith a typicalsatellitesize. Very littlescientific
data have been collectedbelow 200 km altitude,by rocketsand by some
satellites(AE,AtmosphericExplorer,and DE, DynamicExplorer)whose
orbitswere selectedwith a perigeelow enoughto spend a few minutes/
orbit down to 150 hn (AE) and also somewhatlower (DE). It is then
obviousthat the temporaland geographiccoverageis absolutelyunadequate
comparedto what is reallyneeded to the physicalunderstandingof the
basic structureand processesoccurringbelow 200 km.
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So, the TSS is the only simple,and relativelyinexpensivetool to
keep a scientificpayloadon a very low altitudeorbit as long as many
days. One of the principalobjectivesis the determinationof the chemical
compositionof the upper atmosphere,Just in the regionwhere the vertical
transportprocessesare importantfor the exchangeof hydrogen (upward)
and of nitrogencompounds(downward). The presenceof atomicand
molecularhydrogen (H, H2), atomicoxygen (O),and nitrogen (N2),as
well as tracesof minor components(forexamplesulphur,S) gives rise
to a large number of chemicalconstituents,which may have extremely
differentlifetimes. So any atmosphericmodel badly needs in sltu mass
spectrometricmeasurementsto determineactualcompositions,as well as
the verticaldistributionsand temporalvariations.
A number of active experiments can also be devised to understand
most basic questions on the dynamical processes by means of chemical
releases. Chemical tracers can be seeded inside large volumes and areas
to study the complex neutral atmospheric circulation pattern.
Above i00 km altitudethe atmosphericconstituentsare subject
to the ionizingactionof the ultravioletsolar radiation. As a conse-
quence of the energydeposition,heatingoccurs and the temperatureof
the gas increaseswith the altitude: electrons,positiveions, and
neutralsshow differentverticalprofilesof temperature,becauseof the
decreasingthermalexchange. At these altitudesa fast transitionoccurs
betweena regimeof high colllsionalrate betweenneutralsand ions and one
of rapidlyvanishingrate. As a consequence,at lower altitudesthe ions
are carriedalongby neutralwinds,while a few tens Punabove electric
field driftmotionsdominatethe ion motions. Globalmotionsof the
ionizedcomponentsembeddedin the neutralgas and in the presenceof
the geomagneticfield give rise to an electricalcurrentsystem (the
so calleddynamocurrents),which is the sourceof the ground geomagnetic
variationeitherregular (i.e.,diurnal)or irregular,as well as of Joule
heating. These currentswhich are essentiallyionosphericat low and
middle latitudesare only one aspectof a generalpatternof current
circulation,which takes a very complexconfigurationat higher latitudes.
Here, due to the high conductivity,nearlyverticalgeomagneticfield
lines becomeelectricducts drivingfield alignedcurrents,called
Birkelandcurrents,up to the magnetospherlcregions,where the impinging
solarwind deliversenergyto the magnetosphere. Additionalfeatures
occur,again at high latitudesin the polar caps,where directbombardment
of high energyprotonsfrequentlyoccurs.
Seeding of appropriate tracers can also be used to modify in some
way the electrical conductivity of the ionosphere and then the circula-
tion of electric currents in the ionosphere-magnetosphere system, so
helping to clarify the nature and behavior of the magnetospheric dynamo.
Another challenging scientific objective is a more accurate deter-
mlnatlon of the electric field distribution in the very low atmosphere.
At low altitudes close to the Earth's surface, thunderstorms are
generally assumed to be the generators of an atmospheric vertical current
flow; at the upper end, the boundary conditions may be determined by
in sltu measurements, so that reliable models of the global atmospheric
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electricity distribution can be worked out once the conductivity
vertical distribution is known (or at least estimated). Good knowledge
of the entire circulation system is also required to clarify the solar
weather relationship. In summary, the TSS mission will allow direct
observation of the structure and the dynamics of the lower atmosphere;
basic questions will be answered, some of them being: what the chemical
composition of the atmosphere; what the coupling mechanisms between
small and large scale motions; what the global wind field of the lower
atmosphere, and how it is influenced by waves and tides; what are the
mass, momentum, and energy fluxes in the lower thermosphere; how all
above are affected by externally perturbed conditions (for example by
magnetic storms, solar wind and its variability, etc.); what is the
pattern of electric current circulation and its relationship with the
magnetospheric environment.
A sketch of the concurrent atmospheric-ionospheric physical
processes is given in Fig. i, while some more specific facts are illus-
trated in Figs. 2 and 3.
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Figure I.
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Linking the Lower _ " ._,EnMOSr,En_ ..
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Figure 2. Upper Atmosphere Regions Showing Schematically the
Transition from the Mesosphere to Lower Thermosphere,
the Turbopause and the Zone Where Dynamo Currents
are Present
\\ t' =-1
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Figure 3. Schematic View of the Global System of Upper Atmospheric
Currents Including Wind-Drlven Currents at Mid-Latltudes,
High Latitude Auroral Currents, and Inter-Hemlspherlc
Field-Allgned Currents
Figure I summarizes the very complex intercorrelated mechanisms
at work in the lower atmosphere, the ionosphere, and the magnetosphere.
Figure 2 shows the physical situation of the atmospheric region where
transition from the mesosphere to the thermosphere occurs: the incoming
UV solar radiation is the main source of ionization and energy, and
because of the high electric conductivity electric currents are generated
by even very small induced electric fields. Figure 3 shows an idealized
sketch of the global electric currents system where the diurnal system
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(responsibleof the geomagneticdiurnalvariation)is shown,including
the equatorialand thepolarelectroJetsas wellas the fieldaligned
currentsat middlelatitudesand in the polarcaps. The atmospheric
downwardTSS missionwill alsoallowsystematicin situmeasurementsof
the geomagneticfielddistributionin the loweratmosphere,which,in
additionto beinga very sensitiveparametertodetectthe characteristics
of the currentsystem,is alsoveryinterestingto improveour knowledge
of the geomagneticfieldgradient,and thusof the low scaleinternal
source. A good improvementof higherorderharmonics,i.e.,of small
scalefeatures,will alsobe possiblefor the gravityfieldby meansof
gravitygradiometers.Simultaneousmeasurementsof electricfield,
enutralwinds,chemicalcompositionand densitywill constitutea unique
toolto understandthe couplingbetweenlowerand upperatmosphere.The
possibilityof simultaneousamplingat differentaltitudes(aspossible
in moreadvancedmissions)will allowthe necessarytridimensionalaccess
to the fullsystem,Just in the regionwheremostof the dynamicsoccur.
SpacePlasmaPhysics. Here a differenttypeof physicalproblems
can be attachedbecauseof the factthatthe TSS can be used to perform
uniqueactiveexperimentsin the terrestrialplasmaenvironment,in
wayspreviouslyimpossible,whichwill alsobe of big help in understand-
ing the physicalbehaviorof otherplanetaryand interplanetaryplasma
environments,aswell as in astrophysics.
The basicideais thatan inducedelectricfieldE - v x B is
generatedinsidea conductivetetherin motionwith velocityv in the
ionizedambientpermeatedby the geomagneticfieldB. The satellite,
upwards,becomespositivelychargedso attractingelectronsfromthe
surroundingplasma;conversely,the Shuttle,negativelycharged,attracts
positiveions. As a consequence,an electriccurrentflowsalongthe
tether.
The conceptof electrodynamictetheris illustratedin Fig.4.
If the tetheris electricallyinsulatedthereis no possibilityof
dischargingintothe ionosphere,so electronsenteringthe satellite
surfacecan onlybe emittedby the Orbiter. With a tetherlengthof
severaltenskm a potentialdifferenceof severalthousandsvolts
develops.
Figure4.
BasicComponentsof ,"IL|_AC
ElectrodynamicExperiments ,,LEC:A_Y,_O
with the TetheredSatellite ,L,_A0,,_,,La
System. The conducting
tetheris insulatedalong
its length from the iono- I
spheric plasma so electrons
can enter or leave the
system only at the satellite
and the Orbiter. Active
electronemissionoccursat _
the Orbiter,while.electron
collectiontakesplaceat the '_'
electrodynamicsatellite.
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The actualpotentialof the Shuttleand the satellitewith respect
to the surroundingplasma stronglydependupon the size ofthe two
bodies,or, better,the size of their conductingsurfaces. If the
satelliteis big so to collecta large flow of electronsfrom the environ-
ment thereis a tendencyfor the satelliteto have a low potentialwhile
the Shuttletakes a high negativepotential. Safetyreasonsrequirean
electrongun to emit sufficientlyhigh electronflow to lower the
potentialto acceptablelow values. In thisway most of the potential
drops ohmicallyalong the tether. Model calculationof the current
intensityalong the tethershow it may typicallybe as high as several
amperes.
Allaboveimpliesthat a high priorityobjectiveof an electro-
dynamicmissionis the determinationof the electricpotentialdistribution
around the satellite,to understandclearlyits interactionwith the
plasmain a varietyof situations.
In general,eitheractiveor passiveexperimentscan be envisaged,
i.e.,with or withoutelectronguns. Waves can be generated,spontaneously
or driven,in a wlde bandwidth. Actually,the satelliteand the Shuttle
at any given time perturbthe plasmain two regionslocatedon different
ambientfield lines. Due to the rapid motionof the systemin the
ionosphericmagnetoplasmaand the high conductivityof this plasmaalong
the magneticfield lines the two regionswhere excessof positiveor
negativechargeis generatedtend to rapidlyextendthemselvesalong the
instantaneousfield lines. Two thin sheetsare thus produced,the so
calledAlfvenwings (Fig.5) which propagateat Alfvenvelocity (of
the order of 200 km/sec)towardthe lower ionosphericregion,the E
region,where the transverseconductivitybecomeshigh enoughso that
chargeneutralizationfinallyoccurs (Fig.6). It is a very remarkable
fact that the currentintensityalong the conductingtether can be
widely changed,to get constantor time-modulatedvalues. This can be
easilyobtainedby varyingan impedanceconnectedin serieswith the
conductingtetheror by using an electrongun on the lowerbody. A
large varietyof differentphysicalsituationscan thus be explored:
in particularlarge amplitudeVLF waves generation. VLF waves can also
be generatedas a consequenceof instabilitiesproducedin the ambient
plasmaby the field alignedcurrentsor by particlestreamacceleration
due to the high electricpotentialsassociatedwith the system. Other
examplesare the possibilityof studyingthe propagationof low frequency
waves and whistlersbetweenoppositehemisphere;the excitationof a
wide spectrumof electrostaticand electromagneticwaves by the field
alignedcurrentsin a very wide range of geometricaland physical
parameters(angleto the field line, frequencyamplitude,ambientions
velocitydistribution,linearand also non-linearregimes). The tether
can also serve as a long antennain a magnetizednot confinedplasma,
"in contrastwith what alwayshappensin any conventionalexperimental
devicein terrestriallaboratories. Anotherphysicaleffectmay be
the generationof beams of acceleratedelectronsinteractingwith the
ambientplasma,locallyand along the field lines.
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Figure 5. SchematicView of the Upper and Lower CurrentSheets
Which SpreadOut from the ElectrodynamicTether
System. The periodicdarkenedregionsrepresentthe
outwardpropagationof Alfvenwaves alonE the magnetic
field. There is a net positivecharge excesson the
top wing and a net negativechargedensityon the
lower wing.
Figure 6. 111ustratlngthe MagneticField-AlignedCurrentsWhich
Are Caused in the Ionosphereby the Transferof
Electronsfrom the TSS Satelliteto theShuttle. The
net chargeimbalancespreadsalong the magneticfield
until the perpendicularresistivityis sufficiently
high to permittransversecurrentsto connectthe two
magneticflux shells.
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In summary, fundamental plasma processes can be studied. The
similarity of conditions in other plasmas in space makes a!so possible
to get new important scientific achievements on the magnetospheres of
the giant planets or more generally on the solar system. In particular,
an interesting natural situation occurring in the solar system has
been identified which resembles that which can be studied close to Earth
by the tether techniques: this is the electrodynamic unusual phenomena
associated with the Jovian satellite Io (radioemission, UV emission,
energetic electron precipitation). The physical parameters close to Io,
by simple scaling to the terrestrial case, are such that by analogy
similar phenomena are expected to occur close to the tethered subsatelllte
(Fig. 7).
IONOJ_ERe
o.
Figure 7. Schematic View of the Interaction of Io with the
Rapidly Rotating Jovian Ionosphere. Large magnetic
field-aligned currents connect to the Jovian iono-
sphere, propagating at the Alfven speed in the
moving medium.
Conclusions
A number of exciting physical and technical problems can be studied
by means of tethered satellites. At present, two missions are approved:
the upward mission essentially for electrodynamics oriented physics; and
the downward mission for atmospheric-ionospheric studies. The scientific
model payloads used for the feasibility study depending upon the partic-
ular scientific aim of each mission are shown in Tables I and 2,
respectively.
The first launching is presently scheduled for early 1987. It is
rewarding to all of us to see that several scientific groups, from other
European and not European countries, have expressed their strong interest
in joining scientifically this exciting Italy-USA TSS joint venture.
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TABLE 1
ELECTRODYNAMIC MISSION E_ERIMENTS
- Current and voltage monitors with a programmable high
voltage power supply
- Charge probe to measure charge accumulation on dielectric
surfaces
- Current probes to furnish information about current
collection on metallic surfaces
- Langmuir probe to measure the flux of ions or electrons
(depending on its polarity) when a potential difference
exists between it and the satellite skin
- Suprathermal Electron Spectrometer: to furnish velocity
and direction measurements concerning plasma electrons
relative to their thermal state
- Spherical Retarding Potential Analyzer/Langmulr Probe in
combination to get velocity, temperature and density of
ions. The instruments are to be mounted on a common
fixed boom
- Search CoilMagnetometer to measure magnetic field
fluctuations and oscillations mounted on the same boom
which carries SRPA/LP
- Photometer to measure the flux of ionizing UVradlatlon
- Double probe detectors to detect plasma waves
TABLE 2
ATMOSPHERIC MISSION EXPERIMENTS
- Temperature, Wind and Composition Sensor to measure
winds, neutral gas composition and temperature
- Ion Drift Monitor to measure ion drift velocity which,
coupled with particle flux and magnetic field data, is
used for obtaining electric field information
- lon Mass Spectrometer to measure ion composition and
density by means of a time-of-flight type spectrometer
- Retarding Potential Analyzer to provide ion temperatures,
concentration and potential of the satellite w.r.t.
plasma
- Fluxgate Magnetometer to measure both amplitude and
direction of the vector magnetic field mounted on a
long fixed boom
- Ionospheric Probe to study the ionospheric density
irregularities looking at the phase and amplitude
fluctuations on a radio frequency link between Shuttle
and satellite
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The goals of this programare to contributeto the understandingof the
solid earth; the originand evolutionof the earth; its internalstructure
and the dynamicsof the core and the mantle;the movementsand deformations
of the tectonicplates thatmake up the surfaceof the earth;its rota-
tionaldynamics;the changesin the rotationrate of the earth;the orien-
tationof the pole in space;variationsof the gravityand magneticfield
Of the earth; the originof the earth and the way in which the solid earth
interactswith the oceansand the atmosphere. With these goals,the
listed objectives then follow. _k
Some of the major questionsin geodynamicsat this time are: What
forcesdrive the platesthat make up the surfaceof the earth?
How do they deformduring this process? How do the currentplate
motionscompareto those motionsthat are inferredover geologicaltime
scales? How is the crustalstrainaccumulatedand releasedin the form
of earthquakes?What's the pre- and post-seismicdeformationin a
regionthat an earthquakeoccursin? What is the relationship,if any,
betweenearthquakesand the path of the Earth'spole in space? What are
the processesthat have led tO the formationof the mineraland petroleum
deposits,and why do they occur,and why do they occur where they do? Are
the variationsin the earth'srotationrate associatedwlth the pro-
cesses occurringwithin the earth,or are they associatedwith the
processesoccurringwithin the atmosphere? Why is the earth'smagnetic
field changing?
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GEODYNAMICSPROGRAH
gOAL - CONTRIBUTEOUNDERSTANDINGOF THESOLIDEARTHs
ITS ORIGINANOEVOLUTION1
-, ITS INTERNALSTRUCTURE.COMPOSITION,ANDDYNAMICSm
- TIlE HOVEMENTANODEFORMATIONFITS CRUSTm
ITS ROTATIONALOYNAMICSz
TIlE VARIATIONSIN ITS POTENTIALFIELOSI
TIlE ORIGINOFTHEGEOMAGNETICF ELOz
ITS INTERACTIONSWITHTHEOCEANSANDATMOSPIIERE,ANDWITHOTHERBOOIESIN THE
SOLARSYSTEH.
OB3ECTIVES=
DETERMINETHEPRESENTHOVEHENTANODEFORHATIONFTHETECTONICPLATESz
OETERHINETIlEFORCES$_.IICHHOVEANDOEFORMTHEPLATESz
- HEASUREANDHODELCRUSTALDEFORHATIONATACTIVEPLATEBOUNDARIESz
STUOYTHESTRUCTUREANDEVOLUTIONOF THELITHOSPHEREz
14EASUREANOHODELTHEEARTH'SGRAVITYANDMAGNETICFIELOSANDTHEIRSECULAR
CHANGESz
SEEKCAUSATIVERELATIONSHIPSBETWEENTHEEARTH'SROTATIONALDYNAMICS,
ITS INTERNALMASSHOVEMENTS.ANDTHEEXTERNALENVIRONHENTI
ItEASUREANDMODELTIlE INFLUENCEOFTHESUNANDHOON.ONTHESOLIDEARTHAND
OCEANS.
GEODYNAMICS- MA30ROUESTIONS
1. WHATFORCESDRIVETHEPLATES?
2. HOWDOTHEPLATESDEFORM?
3. HOWDOPRESENTPLATEHOTIONSCOMPARETOINFERREDMOTION?
q. HOWIS CRUSTALSTRAINACCUMULATEDANDRELEASEDIN THEFORMOF EARTHQUAKES?
5. WHATIS THERELATIONSHIPBETWEENPOLARMOTIONAND EARTHOUAKES?
6. WHATPROCESSESLEADTO THE FORMATIONOF MINERALAND PETROLEUMDEPOSITS?
7. AREVARIATIONSIN THEEARTH'SROTATIONRATEASSOCIATEDWITHTHE MANTLEANDCORE?
8. WilYIS TIIEARTH'SMAGNETICFIELDCHANGING?
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The answers t o  t hese  quest ions f a l l  i n t o  two ca tegor ies .  One is  measuring 
pos i t i on  and o r i e n t a t i o n  and another  one is  measuring the  g r a v i t y  and mag- 
n e t i c  f i e l d .  I n  t h e  a r ea  of pos i t ion ing ,  l a s e r  ranging experiments have 
been conducted t o  t h e  moon and e a r t h  s a t e l l i t e s  e s p e c i a l l y  t h e  Lageos 
s a t e l l i t e  which i s  s p e c i f i c a l l y  designed s o l e l y  f o r  l a s e r  ranging experi-  
ments. I n  addi t ion ,  we have conducted experiments using very  long base l ine  
in te r fe rometry  and a r e  now beginning t o  work wi th  t h e  Global Pos i t ion ing  
System (GPS) technique. The g loba l  pos i t ion ing  system i s  a possib1.e method 
f o r  improving our a b i l i t y  t o  determine pos i t fons  o n t h e  su r f ace  of t he  
e a r t h  and more important ly changes i n  pos i t i on  and changes i n  length  of 
t h e  order  05 a few cent imeters  per  year.  n 
Laser  ranging and VLBI systems have been deployed on many of t h e  
major t e c t o n i c  p l a t e s  t h a t  make up t h e  su r f ace  of t h e  e a r t h  i n  order  t o  
make measurements of p l a t e  motion and near  t h e  boundaries of t h e  p l a t e s ,  
t o  make measurements of c r u s t a l  deformation. I n  addi t ion ,  an important 
ques t ion  is what is t h e  s t a b i l i t y  of t he  p l a t e s .  It t u r n s  out  t h a t  t he  
l a r g e s t  earthquake t h a t  occurred i n  t h e  United S t a t e s  occurred i n  Missouri 
and not  along the  San Andreas Faul t .  While earthquakes occur because yhese 
p l a t e s  are rubbing aga ins t  each o the r  when they  buckle i n  t h e  middle very  
l a r g e  earthquakes occur. 
A- .7 RADIOSTAR .....
CLO..._OS,T,O.,NQ I///----VERY LONG BASELINE INTERFEROMETRY
SYSTEM _' ///
/// / SATELLITELASERRANGING
"
/ // / LAGEOS
.... __------=::'O MOON
LUNARLASERRANG,NG
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These results associated with measuring plate motion and plate stability
w_re obtained from laser ranging and the VLBI. F_
Two points on opposite sides of the San Andreas Fault were occupied
by Satellite Laser Ranging Systems. The length (nearly 900 km) has been
monitored now for a decade. The difference between the changes in
length from the points far from the boundary and local ground measure-
ments near the fault are a measure of the energy being stored in the
system.
As a by-product of some of these measurements the position of the Earth's pole
of rotation as monitored very accurately. This chart is an example of the x
and y component of the pole obtained from Lag_os over the last five years.
Geophysicists do spectral analyses of this data and are able then to ob-
tain information about the interior of the earth. _k
3-36
CRUSTAL MOTION RESULTS
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In a transition between trying to understand how these plates are moving
with _espect to each other and what's driving the motion, it turns out
there are competing theories as to why the tectonic plates on the surface
of the earth are moving with respect to each other. Not all terrestrial
bodies have tectonic plate motion. Relevant questions are: Are the sizes
of these cells the whole depth of the mantle?; Is there a dual cell?; What
are the sizes of these cells?; Is the mechanism the same in the ocean
basins as it is in the continental regions? One way in which one can
shed information on this particular problem is through refinements in
the gravity field and to a degree through refinements in the magnetic
field.
This chart outlines the objective, strategy, and elements of the Geo-
potential Research Program Plan. _\
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CRUSTAL MOVEMENT AND DEFORMATION
_{OPOTENTIA_RESEARCHPROGRAIIPLA_
_BJECTIYEz PROVIDEGLOBALGRAVITYFIELDAND MAGNETICFIELDINFORHATIONREQUIREDFOR
SCIENTIFICSTUDIESOF THESOLIDEARTHANDTHE OCEANSAND FOR OPERATIONAL
NEEDSOF THEFEDERALAGENCIES.
STRATEGY_ O REFINEEXISTINGMODELSBY SELECTINGBESTDATASETSAND INCLUDINGDATANOW
AVAILABLEFROMSPACEMISSIONSAND OTHERSOURCES.
0 ACQbIREACCURATEDATAACHIEVABLEWITHGEOPOTENTIALRESEARCHMISSION.
O ACHIEVEULTIMATEGRAVITYIHAGNETICFIELDMEASUREMENTACCURACIES_ESTABLISH
LONG-TERIIMAGNETICFIELDHONITORING.
_= 0 FIELDMODELLINGUPDATEISCIENTIFICNTERPRETATION
0 GEOPOTENTIALRESEARCHHISSIONIMAGNETICMONITORMISSION
0 SCIENTIFICINTERPRETATION{GRHIMMM)
0 ADVANCEDMISSIONS
O CRYOGENICGRAVITYGRADIOMETER
O TETHEREDMAGNETOMETER
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This  cha r t  d i sp l ays  a geoid model, t h e  Goddard Ear th  model GEMlOB 
which has i n  it  l o  x l o  su r f ace  gravimetry d a t a ,  s a t e l l i t e . a l t i m e t r y  da t a ,  
t racking  d a t a  from s a t e l l i t e s .  ( l a s e r  ranging o p t i c a l  observa t ions ,  and 
r ad io  observations).  
We can see  the  low south of India  which is  a c t u a l l y  a "wake" i n  t h e  
l i t hosphe re  due t o  I n d i a ' s  rap id  (on a geologica l  time s c a l e )  motion 
from Anta rc t i c  u n t i l  it crashed i n t o  t h e  Eurasian P l a t e  causing the  
0 
c r e a t i o n  of t h e  Himalayas. This  is  an  example of a cont inent-cont inent  
c o l l i s i o n .  The Nazra P l a t e  under t h r u s t i n g  South America is an example 
of a n  ocean-continent p l a t e  c o l l i s i o n  (which c rea ted  t h e  Andes Mountains. 
Ocean-ocean p l a t e  c o l l i s i o n  can be found i n  t h e  Aleut ian Arc. A l l  of 
t hese  produce g rav i ty  s igna l s .  
I n  t h i s  dhar t  t h e  b a r  shows t h e  cu r r en t  r e s o l u t i o n  of t h e  previous 
g loba l  g r a v i t y  model, GEMlOB. I n  o rde r  t o  decipher  which one, i f  any, 
of t h e s e  p a r t i c u l a r  models a c t u a l l y  represents  what 's  going on t h e r e  
has t o  be  g r e a t e r  reso lu t ion .  It seems t h a t  few good t r a c k s  over t h i s  
region wi th  a g rav i ty  gradiometer on a t e the red  system would be  a b l e  
t o  shed some l i g h t  on t h i s  p a r t i c u l a r  t e c t o n i c  problem. 
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This illustrationshows ocean areas where there is a fair amountof detaile,
gravityinformationfrom satellitealtimetry. Satellitealtimetry
more or less directlymeasuresthe o_ean geoid from which one can then
derivea gravityanomalymap and one can infer a particularpattern
when using thismap along with that gravityinformation,Pathymetric
data,heatflow, etc. It would be good to do on the continentswhat
has begun to be done in the ocean areas but the gravityfield details
are not known well enough. u
Here is displayed, the Kentucky anomaly which was recently found.
Geophysicistswere able to takeMagsat data coupledwith their aero-
magnetic data, and surface gravity data and come up with a model of
the possiblemechanismthat causedthis crustalanomaly.
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EXAMPLE OF GRAVITY AND GEOID ANOMALIES PRODUCED BY CONVECTION
IN THE MANTLE (AFTER WATTS AND DALY, 1981)
iE'TUC[Y
AEROMAGNETIC A _ 0 [11ALY
SURFACE
GRAVITY INTRUSION FROM
MANTLE
MAGNETIZATION
CONTRAST: 4.0 AJm
CRUSTAL HIGHER DENSITY BY
MODEL ABOUT: 0,25 gmlcc
STRONG RELII_FIN
SEISMIC DATA
POSSIBLE PRE-CAMBRIAN
RIFT
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The main field of the earth is changing. In fact, it changes by as
much as 7% in a decade in various regions. Geomagnetists modeled
the main field using observatory data and satellite data when
available. They model it in terms of spherical harmonical coefficients
and sometimes linear and quadratic terms in time of those coefficients
but we find that these models don't hold up very well with time. In
the Magsat mission, we were able to do a fairly decent magnetic field
model with three days worth of data that occurred during the first i0
days of the mission. Not an awful lot of data is required in order to
do an update. It would be very helpful 7 or 8 years after Magsat
flew to update the field and make improvements in our knowledge of the
way the main field is changing.
This chart displays information obtained from polar satellites called
Polar Orbiting Geophysical Observatories. These anomaly maps were
produced to see whether the anomalies coincide with the paleo-plate
boundaries. There is good agreement. For example, between Australia
and Antartica and between South America and Africa. This has been done
with gravity and magnetic anomaly maps. This is felt to be an important
contribution to paleomagnetism. .k
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This chart serves as a transition to tie together geodynamics with the
tethered satellite system.
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ELECTRODYNAMICNTERACTIONS
NobleStone
MarshallSpaceFlightCenter
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The orbiter moves in an eastward direction, causing the conducting tether
to cut across the earth's geomagneti__cfield lines at very high speeds
(--8 km/s). This motion creates a Vo x_EMF that forces the current,
in a classic sense, up the tether. In a more physical sense, the EMF
creates a positive potential on the satellite at the top which attracts
electrons and forces them down through the tether. These electrons must
be actively emitted back into the ionosphere from the orbiter by an
electron gun or plasma bridge or some similar charge emission device. _L
The two classes of applications of electrodynamic interactions exist:
technological and scientific. And, as will be shown, many of thetech-
nological problems are of scientific interest or, in other words, the
answers to many of the scientific questions are required in the tech-
nological applicationsof the electrodynamlctether. It, therefore,
affordsan interestingunion betweenscienceand engineering, d&
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APPLICATIONSOF TETHERELECTRODYNAMICNTERACTIONS
o TECHNOLOGICAL
o GENERATIONOF THRUST
o GENERATIONOF POWER
o SCIENTIFIC
o PLASMAWAVESAND INSTABILITIES
o IONOSPHERICCONDUCTIVITY
o BIRKELA_IDCURRENTS
o PROCESSSIMULATION
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This chart containsinformationthathas come originallyfrom Smlthsonlan
AstrophysicalObservatoryvia Lewis ResearchCenter. It describespower
generationusing the electrodynamlctether. The V--_x-_EMFattracts
electronsto the top, and drives them down throughthe tetherwhere they
are emittedactivelyfrom the space stationor orbiter. Currentlevels
of 5 amps througha i00 km tethercan produceupwardsof 80 kW of power,
which is sufficientto power a good size space station. The high voltage
power producedwould be particularlyusefulin drivingdevicessuch as
particleaccelerators. Of course,if it is to be used to operateelec-
tronicsor for generalutilitypower, then some power conditioningis .k
necessary.
This chart indicates concepts of the tether thrust generator. Notice
that its operation is the inverse of the tether power generator.
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It is interesting to compare the efficiency of the tether power system
with other competing power sources such as fuel cells. The major
difference is that the fuel cell only makes use of the chemical energy
in the fuel while the tether power system uses both the chemical energy
as well as the kinetic energy of the fuel. As a result, it is approx-
imately two and one-half times more efficient according to the LeRC
calculations. Another interesting idea uses the fact that the thrust
levels needed to make up the loss in kinetic energy are relatively small.
On a space station operating with an open loop llfe support system, if
water and various other waste products are expelled through a nozzle in
the right direction, it turns out that the resulting thrust can just
about make up the kinetic energy loss. _k
The first few areas of concern such as hlgh voltage isolation at the
spacecraft and tether insulation problems are basically engineering
problems and I have great faith that with a little work and thought they
can be solved. The last one, however, is a little more difficult and
challenging and really it should be stated a little differently. It
consists really of a dual problem. First, how much electron current
can be drawn across the sheath of a very high voltage satellite and,
second, with what efficiency can the current loop be closed through the
ionosphere. This is an interesting question because it brings a unique
union between science and englneerlng. Obviously for the technological
applications, this is a very critical question. There can be no useful
power generation if a significant amount of current cannot be drawn from
the ionosphere. There can be no useful thrust levels generated if the
current level is not high enough. From an engineering point of view,
it is a very critical question. But the very nature of the question
itself is the basis for a great deal of the scientific interest. _k
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TETHER POWER GENERATOR - COMPARATIVE EFFICIENCY 
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There are two limiting theories of how current is drawn to the high
voltage satellite from the ionosphere. The top part of the figure shows
a case which is strictly electrostatic. The sheath of the high voltage
satellite extends out a large distance and any electrons that pass the
boundary of the sheath due to their thermal motion simply fall down
through the potential well and are collected by the satellite. Relatively
high currents can be collected this way and this probably represents the
maximum that can be expected. The lower figure is at the opposite end
of the spectrum. In fact, we don't have a simple electrostatic case.
The ionosphere is a magnetized plasma and particles are constrained to
move along the magnetic field lines. In this case, it is assumed that
the collectionprocessis dominatedby themagneticfieldandthat
electronsare not able to cross the field lines. As a result,electrons
can be collectedonlywhen they are spiralingalong fieldsthat intersect
the satellite.Theareaof collection,therefore,is the crosssectional
area of the satellite. In practice,the currentcollectingcapability
is somewhere between these extremes. _k
Assuming that it is possible to draw all of the current across the sheath
that is needed, we come to the next question. What happens to the current
that we have drawn and expelled from the system? Drawing electrons from
the top has left a region of positive space potential. In reemltting
the electrons at the bottom has created an electron cloud. From the
engineeringpoint of view, the circuitneeds to be closed. Currenthas
to flow and the engineeris concernedwith what impedancesmust be over-
come, if there are transmissionllne type lossesand so forth. From the
scientificpoint of view, this is simplyan unacceptablecircumstancein
nature. Somehowthe chargemust get back together_ The questionthen
is Wheredoesthisoccurandwhatmechanismsare involved. _k
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I f  these charge clouds are deposited on f i e l d  l i n e s  which a r e  some 10's 
o r  100's of km apar t ,  they probably w i l l  be constrained tomove along 
the  f i e l d  l ines .  They could be expected t o  move down f i e l d  l i n e s  i n t o  
the  v i c i n i t y  of t h e  E region of t h e  ionosphere where the re  a r e  s u f f i c i e n t  
c o l l i s i o n s  with neu t ra l s  t o  allow the  e lec t rons  t o  migrate across the  
f i e l d  l i n e s  and c lose  t h e  c i r c u i t .  
S a t e l l i t e  I0  has i ts  o r b i t  e n t i r e l y  immersed i n  the  Jovian magnetosphere 
and a s  such i t  cuts  across the  f i e l d  l i n e s  a s  i t  o r b i t s  around J u p i t e r  
i n  much t h e  same way a s  the  tethered system would i n  ea r th  o r b i t .  I0  
is,  of course, large.  One of the  theore t i ca l  explanations of what 
happens there  s t a t e s  t h a t  there  i s  a very large  EMF created across I0  
and a s  a r e s u l t ,  charged particle currents are emitted and travel up 
and down the  f i e l d  l ines ,  recombine i n  the  lower ionosphere of Jup i t e r  
and c rea te  decometer r ad ia t ion  when they do so. The system obviously 
has some s i m i l a r i t i e s  t o  the  t e t h e r  system on earth.  The t e t h e r  allows 
us t o  have an extremely l a rge  scale-size experiment which has not been' 
possible before. This then allows us t o  study physical mechanisms and 
e f f e c t s  t h a t  may be applicable to  I 0  through "process simulation." 0 
I
_
.
_
This chart defines Qualitative Scaling. Qualitative scaling requires
that if a quantity is much greater than unity in space, then it must be
much greater than unit_ in the experiment, but not necessarily to the
same order of magnitude. The opposite equality of course applies also.
Only when the quantity is approximately unity in space does it have to
be closely approximated by the experimental quantity.
Several cases are shown on the far right. In the case of the i00 m
inflated conducting tethered balloon the ionospheric conditions are both
supersonic and subAlfvenic (S and MA) i.e., the flow speed relative to
the ion acoustic speed is greater than 1 but much less than the-Alfven
velocity. This is exactly the condition for IO moving through the
Jovian magnetosphere. The plasma Betas and the scale sizes in terms
of the Debye length and the Larmor radii are also very well scaled.
So one would expect that at the very least process scaling for cases
such as that of I0 will provide a valid comparison. In the ionosphere
we gain a great extension of the parameter space for scaled experiments
over the laboratory.
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OUALITATIVESCALING
DEFINITION: DIMENSIONLESSQUANTITIESRELEVANTINA CERTAIN
CONTEXTAREKEPTQUALITATIVELYTHESAMEINTHE
LABORATORYAS INSPACE
INSPACE INTHELABORATORY
X >>1 XL>> 1S
X<< I XL<< IS
XS~I xL ~ xs
AFTERFALTHAMMERI1974)
TABLEL PLASMAPROPERTIESANDSCALINGPARAf,'_ETERS
JOVIAN
IONOSPHERE MAGNETOSPHERE
PARAMETER LABORATORY @ 300 km @ Io
Ni,e [cm"3] 103 - 106 5 X 105 2 X 102
Te [KOl 103 - 104 2.5 X 103 - 105
TI [KOl < <T e 1.5 X 103 - 105
8 [GI -- 0.5 2 X 10.2
V o [km/_c] • 6 7.7 5.6 X 101
Ro (effective) [kin] 10.5 -- 10.4 0.1 3.3 X 103
Mi (AV) (AMUI 2.28 20 _ I
S - (MiVo2/2kTe) ½ • 3 6 1.4
MA - (4_NiMi)_ Vo/B -- 5 X 10.3 2 X 10.2
MN- Vo/FSk(T,* Ti) . a2 ]_ - 5x1o-3 2x lO-2
J-8,,N ik IT e.Ti)/B 2 -- 3X 10.5 2X 10-4
R,%,- 4_.RoVo]C 2 -- 6 X 107 6 X 107
Rn/n t (e) - 4 X 103 7 X 105
R,,in L (i) -- 2X 101 2X 104
R,_P'D 0.4 -- 40 2 X 104 2 X 104
Ro/._,i,e 10.8 -- 10.7 2 X 10"1 3 X 10 .3
_.;pe/_ ;r = Ro (effecti_el/V o I0 I1 - 1012 5 X 105 5 X 107
wpi/r 109- 1011 3 X 103 1 X 106
Wca/r -- 1 X 105 2 X 107
'.,Jci/r -- 3 I X 104
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Another potential experiment involving process scaling is the study of
the expansion of plasma from a high density area into a low density area
or into vacuum. This may seem rather simplistic and mundane.but some
interesting things happen. In the expansion process, if we look at the
leading edge as the ions are accelerated, the electrons being more mobile
move ahead and create an electric field. An electric field tends to
decelerate the electrons and accelerate the ions. As a result an ion
front is created, as seen in the third frame, which is ion rich and
follows the electron cloud. The electrons continue to move out because
they continually gain energy from an essentially infinite source of
thermal energy in the ambient plasma. As a result, the ion velocity
increases approximately linearly and, ultimately, ions attain the thermal
speed of the electrons. Only a few percent of the ions attain this
speed, but it is an impressive process because that represents a I00 to
I000 fold increase in their energy. In nature such processes may be very
significant as plasma expands from a region of high density on one side
of the plasma pause, for example, to a low density region on the other
side. In this case, even the few percent of the dense plasma which
become energetic may be a significant factor in the low density region
since density may decrease by 3 orders of magnitude across such rJk
boundaries.
This chart illustrates a two ion expansion process. When the heavy ion
is dominant, it accelerates more slowly, resulting in a stronger bipolar
electric field. This stronger field, in turn accelerates the light ions
even more rapidly than if they were the only species. As a result, the
plasma mixture becomes enriched with light ions in the expansion front.
As in the single ion plasma, the light ions ultimately attain the thermal
speed of the electrons.
0
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This chart depicts how these types of experiments might be carried out
using the tether. The tether satellite being supersonic creates a void
behind it, which can be easily studied by use of boom or maneuverable
subsatellite-mounted diagnostic instruments.
This chart shows the Use of Multiprobes With the Electrodynamic Tether
to measure VLF waves, particle acceleration, ionosphere currents, and
Alfven waves at various regions of interest. In summary, from these
few examples, it is apparent that the electrodynamic tether offers new
potential for unique scientific experiments which should enhance our
understanding of space plasma physics and in particular certain classes
of solar system plasma phenomena, and that these science studies will
also address a number of key engineering concerns which may open up new
power and thrust generation technology that could be a significant factor
in future space operations.
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TRANSPORTATIONAPPLICATIONSI
Joseph Carroll
California Space Institute
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The applicationsof tethersin supportof space transportationcan be
dividedinto orbit transfer,orbit maintenance,and transferwithin
constellations.They are entirelydifferentthings;however,"tethers
are attractivein each of these areas. u
Which release is optimum, swinging, or hanging?
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TRA_ISPORTATIONUSES OF TETHERS:AN OVERVIEW
Joe Carroll--California Space Institute
(619)459-7437
A. ORBIT TRANSFER B. ORBITt4AINTEHANCE C. WITHINCOtlSTELLATIONS
I_omentumtransfer Electrodynamic thrust Deployment or retrieval
release/rendezvous: in or out of plane, of whole constellation
hanging (dependingon timing)
swinging Clothesline loop
spinning Electrodynamiclibration
pumping or damping Hoist (w/Coriolis ,,lag")
12oattitude control (w/ uneven tip masses)
system needed to ',Tram"for travel on tether
vector the boost Momentum .scavenging.:
deboost orbiter & ET i "Monkey" between tethers
Simplified docking:
i
anywhere on length; Isolate thruster exhaust Power & fluid transfer
,,soft,,structure from sensitive platforms
HANGING AND SWINGING TETHERS
HANGING: I SWINGING:
"-7 L t _-0.7 L (RETRO)
TO
"-13.9 L (POSIGRADE _
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If you buy a system and size it for optimum use in a hanging operation,
with the heaviest payload being an orbiter which is to return to the Earth
from a space station, then that same piece of hardware will be ideal for
swinging releases with somewhat smaller payloads and spinning releases
with much smaller payloads.
The other question is how long does it have to be to be useful for momentum
transfer applications, i km is enough to do some very useful things:
contamination control; space station safety. If you go to much longer
but still not tapered tethers and the mass of the tether is still small
compared to mass of everything else, you can do some very interesting
things. A shuttle launch going to a space station can rendezvous at V
the apogee of an eccentric orbit, saving 6 tons OMS fuel. In going to
300-km tethers, some very radical things happen (payload doubled, orbiter
heat load is halved). However, the tether must swing to minimize the
period of heavy drag, and the station must be approximately 20 times as
massive as the object captured.
The basic point is that you use the tether in a "flying trapeze"
rendezvous. It is a lot easier than one would expect because the relative
acceleration_ are lower than flying trapezes and there are far fewer
perturbing forces.
3-70
SOME TETHER SYSTEM DESIGN ISSUES
I. _ich is best: to design for hanging, swinging, or spinning?
Hanging: heavy payloads & low gee-!oads
ALL JSwinging: medium payloads & low-power retrieval|
_Spinning: light payloads & high Delta-V.
2. How long does a tether have to be to be useful?
*'_I km: space station safety & contamination control
"_60 km: no circularization burn (6 tonnes OMS)
"_300 I_ (swinging down to near 100 Icm):
Launch safety: all debris falls in Atlantic
Delta-V reduction over I l(m/sec:payload DOUBLED
Reentry: integrated orbiter heat load HALVED
_NNEUVERING FOR RELIABLE REtJDEZVOUS
I. GPS has 2-5 meter RELATIVE position accuracy, SEP.
2. Coarse tuning is best done by vectoring during boost.
3. Last-minute fine-tuning by orbiter RCS or tether-tip thrust.
4. Gravity field may actually simplify the capture hardware:
if desirable, hard docking can be done AFTER capture.
%1/I _5°KM
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In terms of safety you should look at three different stages during a
rendezvous and retrieval of the tether with an orbiter. You can arrange
things such that there's no mission failure if the tether breaks at
any point in time. What you do is waste fuel. And so you can make
it so the tether is mainly used in an energy conservation mode, not to
enhance payload but to enhance the amount of fuel which is made available
for better use. And then on reentry you can arrange things so that there
is nothing jeopardized.
Orbiter safety procedures during rendezvous and release are stated here.
0
This chart shows the deployment strategy as seen from a fixed orbital
reference. If one looks at the strategy shown earlier with a movie
camera fixed on the orbit, the _T has this trajectory. The second
orbiter Delta-V cushions the end of deployment. The whole thing takes
less than 2 hours; 80 minutes for deployment, and 30 minutes to swing
to the vertical. This is followed by a pendulum swing.
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ORBITER SAFETY DURING RENDEZVOUS& RELEASE
I. For missed rendezvous:
1-60 km tether:use OMS fuel intendedfor use by spacestation
300 l_ntether: design launch trajectoryfor safe abort
2. For successfu!rendezvous:
Mate tetherwith modifiedET nosecone:
ET can supportorbiter in I gee;
Orbiter safely away from tether & can leave at any time.
3. If tether breaks after rendezvous:
End attachedto shuttle boosts shuttle to stationb
4. If tether breaks before release:
End attached to shuttle/orbiterdeboosts,releases,& reboosts.
OK. (_ Fixed Crblter Pc-'Ition
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This chart shows the deployment velocity over time, the deployed length
and the tension which is 7.5 newtons (1.5-2 ib). There is t_nsion all
during deployment because the deployment velocity is always positive,
a simple braking device can provide tension.
There is a nearly horizontal deployment strategy. What that does
compared to a slow deployment is reduce the power that has to be
absorbed by the reel brake by a factor of 500. That has to do with the
fact that if you can use a shorter tether there is a squared tether
length effect. Tension is further reduced by a factor equal to the V
square of the cosine of the deployment angle. With the radical simpli-
fication of your power-dissipating hardware for this sort of operation
you can make the deployer much simpler.
This chart points to other possible future tether applications.
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This chart describes design and mission concepts for a simple free-flying
electrodynamics experiment.
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CONCEPT FOR A SIMPLE FREE-FLYING ELECTRODYNAMICS EXPERIMENT
Design Concept:
GPS translators at each tip relay their positions to ground.
Electric power comes from the tether and is monitored/controlled.
Mission Concept:
Deploy system from orbiter with TSS hardware.
Release system into fairly high orbit from eccentric STS orbit.
After separation, monitor remote ionospheric effects w/ orbiter.
From ground: monitor orbital decay and power output vs altitude.
modulate power for eleetrodynamic libration control.
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TRANSPORTATIONAPPLICATIONSII
EnricoLorenzini
Aeritalia
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Tether applications look promising in the areas of payload transfer,
reentry, rendezvous, and docking and orbit modification by tether
control.
These applications can be exploited by a single specialized subsatellite
called the Tether Teleoperator Maneuvering System (TTMS). _k
3-80
6ENERALCONSIDERATIONS
, ]ETHERS ARE CANDIDATES FOR MANY INTPIGUING TRANSPORTATIONAPPLICATIONS :
, PAYLOADS TRANSFER TO HIGHER OR LOWERENERGYORBITS,
. REENTRY
. RENDEZ-VOUS AND DOCKING,
. ORBIT MODIFICATION BY TETHER CONTROL,
T_THERTELEOPERATOR_N___]'I_) APPLICATIONS
• AT THE PRESENT STAGE A STANDARDTELEOPERATORIS A SPACE VEHICLE FOR PLACING,
RETRIEVING AND SERVlCTNG OTHER SPACECRAFTS.
• A TETHERED TELEOPERATOR CAN ADD INTERESTING FEATURES TO THE STANDARD
TELEOPERATOR CAPABILITIES,
• TETHERED TELEOPERATORPERFORMANCE MUST BE INVESTIGATED IN THE FOLLOWING
AREAS :
, DEPLOYMENT AND RETRIEVAL OF THE TTRS.
. PAYLOAD TRANSFER
, REENTRY
, RENDEZ-VOUS AND DOCKING,
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The expected advantages of the TTMS in the areas of payload transfer,
rendezvous and docking and reentry are outlined here. The next several
charts discuss a series of work statement tasks to examine the
applicability of TSS and TTMS concepts to NASA Space Stations.
General guidelines for a TSS concept study of future applications to NASA
Space Stations.
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0 PAYLOAD TRANSFER
, PFOVIDE AN ALTERNATIVE SOLUTION TO ORBIT TRANSFER PROBLEMS
. POSSIBLE INCREASE IN LAUNCHING CAPABILITY CORSIDERING THE OVERALL
STRATEGY OF THE MISSION,
0 RENDEZ-VOUS AND DOCKING
. REDUCE THE PERTURBATIONS ON LARGE BODY STRUCTURES (E,G, S/S) BY MEANS
OF THE TETHER MEDIATION,
, EXPEDITE THE RENDEZ-VOUS AND DOCKING MANOEUVRES.
O REENTRY
, REDUCETHE REENTRYVELOCITY OF REENTRY SPACECRAFTS,
TSS CONCEPT FUTURE APPLICATIONS TO NASA SPACE STATIONS
STUDY GENERAL GUIDELINES
WORK STATEMENT. TASKS,
1, ASSESS IF MAJOR WF+AKNESSFS EXIST _IICI! PREVENT TI_
CONTINUATION OF TI_ STUDY
2. PROVIDE TI_ RESULTS IN PARAMETRIC FORM VERSUS TI_ MAIN
PARAMETER VARIATIONS IF TIIE FIRST POINT IS OVERTAKEN
3. PERFORM SOME PRELIMINARY COMPARISON EVAI.UATIONS WITH
EXISTING SOLUTIONS.
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Work statement tasks for examining the TTMS concept.
Work statement tasks examining TSS Deployment and Retrieval.
3-8&
J /
TSS CONCEPTFUTURE APPLICATIONS TO NAGASPACE STATIONS
TETIIERED TEI,KOPERATOR MANUEUVERING SYSTEM (TTMS)
WORK STATEMENT. TASKS.
1. INVESTIGATE ALTERNATIVE PROPOSALS FOR THE TINS CONTROL SYSTEM.
2. ANALYZE TIlE JOINT TTMS CONTROL BY TETHER AND AUTONOMOUS TTMS
CONTROl, SYSTEM.
S. EVALUATE TIlE MANOEUVF..RAOrLITY PERFORMANCE.
4. VERIFY TI_ MANOEUVRE TIMES AND TI_ STATION-KEEPING AUTONOMY
VERSUS OUT-OF-VERTICAL POSITIONS REACIIED.
5. EVALUATE TIlE ENERGY CONSUHPTION FOR TIlE MANOEUVRES AND TIlE
STATION-KEEPING°
TSS CONCEPT FUTURE APPLICATIONS TO NASA SPACE STATIONS
DEPLOYMENT AND RETRIEVAL
WORK STATEMENT° TASKS
1. INVESTIGATE SUITARLE CONTROL LAWS FOR TIlE DEPLOYMENT, RETRIEVAL,
STATION-KEEPING PHASES.
2. PROPOSE SOLUTIOt_AND INV_.STTGATE THE PERFORMANCE OF THE TTMS,
CONTROl. SYSTEM IF ACTIVELY CONTROLLED.
_. EVALUATE,IEENERGYREOUIREDORTIlEPROPELU_TCONSUMEDRYTHE
TTMS CONTROLSYSTEM.
4. EVALUATE TIlE TRIllER CIIARACTERISTTCS: MATERIALS, MASS, SIIAPR,
DIAMETERS, ETC.
5. EVALUATE TIlE POWER REQUIRED RY TIlE REEL MOTOR.
6. EVALUATE THE RETRIEVAL DYNAMICS IN TIlE CASE OF LARGE nOTII IN-PLANE
ANT) OIIT-OF-PLANE INIT]AI, AN{;III.AR VAI.IIES RELEVANT TO A RECOVERY OF
A TETItERED TEIoEOPERATOR IF A FAIl.lIME OF TIlE ACTIVE CoNTROl, SYSTEM
IIA:_OCCIIRREI}.
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Work statement tasks for payload transfer to higher or lower energy __
orbits and reentry.
A continuation of Payload Transfer Tasks.
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TSS CONCEPT FUTURE APPLICATIONS TO NASA :;PACE STATIONS
PAYLOAD TRANSFER TO #IIGIfER OR LOW'ER ENERGY ORBIT:; AND REI.'NTRY
WORK STATEMENT. TASKS.
I. DETERMINATION OF TIlE RANGE OF ORBITS TIIAT CAN BE ACHIEVED AS A FUNCTION
OF TETllER LENGTH BOTH IN TIlE CASE OF A IIANGING AND SWINGING TETHER,
INITIAl, CONDITIONS ARE TPlE. I'OSITION AND VELOCITY OF TIlE SUBSATELLITE AT
TIlE MOMENT OF RELEASE.
2. INVESTIGATION OF TIlE CONTROL STRATEGIES ALLOWING TO REACll TIlE ENVISAGED
INITIAL CONDITIONS, DETERMINATION OF CONSTRAINTS ARISING FRON DEPLOYMENT/
RETRIEVAL RI"Oll [REMENTS ,
3. EFFECTS OF THE RELEASE OF PAYLOAD ON THE ORBIT OF THE HAIN STATION,
OPTIMIZATION OF' TIlE STRATEGY OF HANOEUVRES WITI'I REGARD TO THE STATION-
KEEPING OF TIIE PI.ATFORM,
4. BEIIAV|OUR OF Tile TENSION OF TIlE TETHE.R AFTER PAYI,OAD RELEASE.
TSS CONCEPT FUTURE APPLICATIONS TO NASA SPACE STATIONS
5. EVALUATION OF TIlE UNCERTAINTY IN ACIIIEVING THE DESIRED
INITIAL CONDITIONS FOil PAYLOAD RELEASE DUE TO TilE BEI_VIOUR
OF TIlE TETllERED SYSTEM,
SENSITIVITY ANALYSIS WITH REGARD TO THE ELEMENTS OF THE
TRANSFER ORBIT.
E. SIN(;I.E OUT AND ANALYZE POS_IIDLE STRATEGIES FOR A TETPlER
INITIATED REENTRY.
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Tasks for rendezvous and docking.
The most important point for rendezvous is to reduce the perturbation on
the large body structure by means of tether mediation_ Controlling the
tension in the tether keeps the perturbations at the desired level and
expedites the rendezvous. Conslderan approaching spacecraft in an
elliptic orbit. The relative velocity with respect to the docking
probe is going to decrease and in a theoretical condition is zero at the
point where the apogee of the orbits meet. A very fast rendezvous and
docking with the spacecraft can be accomplished if the length of the
tether is the appropriate one. In the general condition you have to
swing the satellite to control the docking probe to follow or to mesh with
the approaching spacecraft. For reentry the important point is the
velocity. By resorting to the tether you reduce the initial velocity
of the reentry spacecraft so that velocity in the upper layer of the
atmosphere is reduced.
V
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TSS CONCEPT FUTUIIE APPLICATIONS TO NASA SPACE STATIONS
RENDEZ-VOUS AND DOCKrNC
WORK STATENENT, TASKS.
1. INVESTIGATION ON TIlE TIME. CONSTRAINTS AND THE RELATIVE VELOCITY
VARIATION DURING TIlE CLOSE APPROACIt FOR DIFFERENT TRANSFER
ORBITS (DIFFERENT TRTIIER LENGTItS)
2. ANALYSTS OF THe, EFFECT OF THE ORBIT PAIIAMETERSDISPERSION ON
TIlE RENDEZ-VOUS.
3. IrNV_STIGATE TIlE NEED FOR A GOOD ffANOKUVERASELETYOF TIlE I_OCKING
PRORE TO INCREASE TIlE RRNDEZ-VOUSSUCCRSS.
4. EVALUATION OF TIlE 01tRIT AND ATTITUDE PERTIIRRATT_NS OF TIlE
DY_TRN AFTRR [X_,KING.
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The relative velocity 6 for docking and the geometry of the rendezvous
are shown. :
The present status of a study of stationkeeping and orbit parameters
modificationis outlined.
3-90
]n
2o
-_ -_, -3 -2 -I o I 2 3 4 $
m(.s) ,(n| m(-I) m(-._) m(-ll m(-s,) m(-s)
| u i i • • |
- -r .... b.... ;__
_, I ""s(-,)"_0
_('5) 4",0 tL_ !
m - r_I(:KIN.: I_fl'l.i_Yl:t_ Iq'.Vt(:l: (mln.tr_)
" _;IILrFTI.I"
TRA.IITf:lt)Ry (11"m I_K(TTIFIITt_|'(IR _:('A(.I: RCT^,:(lfl;
IIt.l._ _ i w p-qi I i.n.
SIATIONKEEPINGANUORBITPARAMETERSMODIFICATION
(GENERALCONSIDERATIONSANDPRESENTSTAIUS}
o SCOPE
, INVESTIGATE THE POSSIBILITY TO MODIFY THE ORBIT PARAMETERS BY INCREA-
SING THE TOTAL ENERGY OF THE SYSTEM BY SUITED LENGTH CONTROLOF THE
TETHER,
0 AN EXAMPLE
. THETETHER OF A TETHERED SS FOLLOWINGAN ELLIPTICAL ORBIT CAN BE
LENGTHENED AT THE APOGEE AND SHORTENEDAT THE PERIGEE OF THE SAME
AMOUNT PRODUCINGA TOTAL ENERGY INCREASE OF THE SYSTEM. CONSE-
QUENTLY THE ECCENTRICITY INCREASES.
THIS STRATEGY COULD PROVIDE AN ALTERffATIVr SOLUTION TO COUNTERACT THE
AERODYNAMIC EFFECT OF THE SS WHICH RE!UCES THE ORBITAL ECCENTRI-
CITY .
Q PRESENT STATUS
THE SOLUTION IS NOWCONSIDERED LITTLE P_OMISING,
, ORBIT ECCENTRICITY INCREASE NITH BOTH A_'OGEE INCREASE AND PERIGEE
DECREASE SEEMS TO BE ACIIIEVABLE ONLY.
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The energy pumping system is illustrated.
This chart shows a logical development of the present TSS. This develop-
ment would make some tests with a shuttle and a modification of a present
TSS. The launch system is obtained by the minor modification to our
service model of a TSS adding some grabbing device so to investigate the
area of payload transfer in this case from the shuttle. It can be an
interesting approach of a problem that we have in hand today. With
major modification of a subsatelllte by a present deployer, we could
perform some tests on the rendezvous and docking with a shuttle and
this sort of docking probe. These things go together for the creation
in the future of a TTMS which should be a larger subsatellite capable
of performing all these missions from a space station. _\
V
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PHYSIOLOGICALCONSIDERATIONS
OF
ARTIFICIAL GRAVITY
D. Bryant Cramer
NASAHeadquarters
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This chart suggests answers to the question as to why we might need
artificial gravity.
This is a list of the generic aspects of what to worry about in terms of
any organ system that is affected by weightlessness. 3 systems are clearly
involved: cariovascular, skeletal, vertibular. _k
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ARTIFICIAL GRAVITY -- WHY
MIGHT WE NEED IT?
• WEIGHTLESSNESS PRODUCES SIGNIFICANT
PHYSIOLOGICAL CHANGES:
THE MECHANISMS ARE NOT WELL UNDERSTOOD
WHETHERTHESECHANGES WILL STABILIZEOR PROGRESSTO
PATHOLOGICAL STATES IS NOT KNOWN
- WITH CURRENTCOUNTERMEASURES,WE AREPROBABLYSAFETO SIX
MONTHS' EXPOSURE
- THE POINT AT WHICH RAPID READAPTATION TO EARTH GRAVITY
BECOMES COMPROMISED IS PRESENTLY UNKNOWN
- THERE IS MUCH WE NEED TO LEARN
- A SPACE STATION IS THE IDEAL LABORATORYFORSTUDYING THE
PHYSIOLOGICAL EFFECTS OF WEIGHTLESSNESS
• AS OUR CURRENT COUNTERMEASURES CONSUME AN
EVER INCREASING PORTION OF AVAILABLE CREW TIME,
MORE EFFICIENT ALTERNATIVES BECOME NECESSARY
• ARTIFICIAL GRAVITY IS THE MOST "NATURAL"
COUNTERMEASURE
ARTIFICIAL GRAVITY --
PHYSIOLOGICAL ISSUES
• GENERIC ISSUES:
-- ACUTE EFFECTS
-- NEW SET POINTS IN WEIGHTLESSNESS
-- STABILIZED STATE ALOFT
-- CAPACITY FOR RAPID READAPTATION TO EARTH
GRAVITY
-- ROLEOF WEIGHTLESSNESS IN THE DEVELOPING
INDIVIDUAL
-- EFFECTSOF ARTIFICIAL GRAVITY-HOW MUCH? HOW
LONG?
• THREE ORGAN SYSTEMS ARE KNOWN TO
BE GRAVITY SENSITIVE:
-- CARDIOVASCULAR
-- SKELETAL
-- VESTIBULAR
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Systems in the cardiovascular, skeletal and vestibular categories which
are affected by artificial gravity.
V
Two options for artificial gravity exist: small radii, high angular
velocity (large torus) and large radii, low angular velocity (tether).
V
3-98
ARTIFICIAL GRAVITY--AFFECTED
SYSTEMS
• CARDIOVASCULAR:
- ORTHOSTATIC GRADIENTS
-- ACUTE FLUID SHIFTS
- ORTHOSTATIC INTOLERANCE
-- COUNTERMEASURES:
• "G" SUITS
• LOWER BODY NEGATIVE PRESSURE
• SALT LOADING/DRUGS
-- EARLY DEVELOPMENT
• SKELETAL:
-- PERSISTENT LOSS
- LOAD BEARING BONES
- IRREVERSIBILITY
- COUNTERMEASURES:
• SKELETAL LOADING
• DRUGS • VESTIBULAR:
- EARLY DEVELOPMENT - SPACE SICKNESS
- ILLUSIONS
- COUNTERMEASURES:
• DRUGS
• ADAPTATION
• BIOFEEDBACK
- EARLY DEVELOPMENT
ARTIFICIAL GRAVITY -- OPTIONS
• EARLIER DESIGNS EMPLOYED A LARGE
TORUS:
-- RELATIVELY SMALL RADII
-- HIGH INCIDENCE OF MOTION SICKNESS
-- HIGH CORIOLIS ACCELERATIONS
• TETHER-BASED DESIGNS PROMISE NEW
OPPORTUNITIES:
-- LARGE RADII
-- IT ROTATES--BUT SLOWLY
- LOW INCIDENCE OF MOTION SICKNESS
- LOW CORIOLIS ACCELERATIONS
- VERY LOW "G" GRADIENTS
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Parameter limits involved in artificial gravity.
This chart shows the angular velocity, centripetal acceleration, and
radii in feet for artificial gravity parameters. Bounded by the
coriolls limit, the tractor limit, the tether mass limit, and motion
sickness limit are earth gravity as noted in the middle of the figure.
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ARTIFICIAL GRAVITY--
PARAMETERS
• UNAIDED TRACTION REQUIRES 0.1 G
• ANGULAR VELOCITY SHOULD BE LESSTHAN 3.0 RPM TO
AVOID MOTION SICKNESS
• MAXIMAL CENTRIPETAL ACCELERATION NEED NOT
EXCEED EARTH GRAVITY
• CORIOLIS ACCELERATION SHOULD NOT EXCEED 0.25
CENTRIPETAL ACCELERATION FOR A LINEAR VELOCITY
OF 3 FEET/SECOND IN A RADIAL DIRECTION
• "G" GRADIENT SHOULD NOT EXCEED 0.01 G/FOOT IN
RADIAL DIRECTION
• TETHER MASS MIGHT BE LIMITED TO 10,000TO 20,000
POUNDS
ARTIFICIAL GRAVITY PARAMETERS
10 10
ANGULAR
VELOCITY 1.0 1.0
(rprnl
0.1 _ I _ III _ 0.1
0.1 1.0 10
_ O 1 I
I CENTRIPETAL ACCELERATION (glI
CORIOLIS ACCELERATION = 025 CENTRIPETAL ACCELERATION • TETHER MASS LIMIT:
FOR 3 FT SEC't RADIAL VELOCITY 100,000 LB MODULE AT EACH END.
KEVLAR. CYLINDRICAL TETHER
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This chart shows how to approach a study of artificial gravity, obtain
promising hypotheses by evaluating, and in each case working out objective
criteria for evaluating. Two avenues are there - spacelab add space station.
0
This chart suggests artificial gravity alternatives. If it turns out that
fractional G for a long period of time is really what we need (remember
going back to the individual organ systems) then artificial gravity
makes sense. 0
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ARTIFICIAL GRAVITY--
STUDY APPROACH
GROUND-BASED LABORATORY
• SIMULATED WEIGHTLESS EXPOSURE
- BED REST
- WATER IMMERSION
• RECONDITIONING STIMULI
-- INCLINED PLANE
- CENTRIFUGE
- ALTERNATIVE COUNTERMEASURES
STS SPACELAB
• ACUTE EFFECTS OF WEIGHTLESSNESS
• VALIDATE ANIMAL MODELS
• IMPROVE CURRENT COUNTERMEASURES
SPACE STATION
• CHRONIC EFFECTS OF WEIGHTLESSNESS (ANIMALS}
• VALIDATE MODELS IN HUMANS
• DEVELOP SECOND GENERATION COUNTERMEASURES
• BASIC RESEARCH IN GRAVITATIONAL BIOLOGY
ARTIFICIAL GRAVITY--
ALTERNATIVES
LONG DURATION
ARTIFICIAL GRAVITY
ONBOARD _1_ EXTERNAL
CENTRIFUGE [] COUNTERMEASURES
PHARMACOLOGICAL
COUNTERMEASURES
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This chart suggests that as far as the ground based centrifuge is
concerned, something is needed that can explore a rich variety of
fractional gravity. What one has to do is have tethers that'hold this
guy up here to the ceiling. He's in slings down here. Notice that
the long axis of the cardiovascular system, in fact, is null to
gravity but in llne with the centripetal acceleration of the centrifuge.
Down here it may be wise to have scales or a treadmill or some other ._
device.
This chart shows a cheaper alternative way of doing it is just to use an
inclined plane. NASA did a great deal of this work back in mld-late
60s. There is still a large lunar simulation at Langley.
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ARTIFICIAL GRAVITY --
GROUND-BASED CENTRIFUGE
ARTIFICIAL GRAVITY --
INCLINED PLANE
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This chart illustrates a spacelab can and a kind of centrifuge you
could put in there that would allow you to position man in different ways
and using this kind of device validate whatever you wanted to look at
regarding large amounts of acceleration for short period times in the _k
space environment.
This chart summarizes artificial gravity knowledge.
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ARTIFICIAL GRAVITY--
SPACE-BASED CENTRIFUGE
ARTIFICIAL GRAVITY--SUMMARY
• WEIGHTLESSNESS PRODUCES
SIGNIFICANT PHYSIOLOGICAL CHANGES
• WHETHER THESE CHANGES WILL
STABILIZE OR ACHIEVE MEDICAL
SIGNIFICANCE IS NOT YET CLEAR
• ARTIFICIAL GRAVITY IS THE MOST
PHYSIOLOGICAL COUNTERMEASURE
• TETHER SYSTEMS REPRESENT AN
ATTRACTIVE APPROACH TO ARTIFICIAL
GRAVITY
• MUCH MORE RESEARCH IS NECESSARY
TO EVALUATE THE NEED FOR ARTIFICIAL
GRAVITY
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CONSTELLATIONS
David R. Criswell
California Space Institute
3-109
This chart reminds us that spacecraft design has been undergoing an
evolution. It traditionally started with individual spacecraft and
the various functions. Right now weare more or less at the peak of
multlfunctlon spacecraft. We have a lot of things going on all in the
same unit. In the future, there will be space platforms such as the
space station that will do a great many functions. One of the main
challenges we've got coming up is how to create increasing opportunities
to lower costs for various operatlons in space and what's being explored
here are two rather specifically. The free swarm, and the tethered
swarm. In the case of the free swarm, the perturbations which accumulate
from the various satellites become less interdependent. Large Delta-Vs
might be possible depending on the orbits you run into. On the other
hand with tethers, you might have a common service area, a physical
tether, a large number of satellites. There you'll have to worry about
how you build your tether--by strings, by trusses, by forces, by drag.
You have the ballistic coefficient, area, altitude and solar cycle or _k
dynamictrusses.
We have experience with free-flylng systems. The global positioning
system is an example of this. Tracking data relay satellites are
another. We might even have systems in counter-rotatlng polar orbits
such that one could have things thrown out from them at the right time
and have very high impact velocity experiments done perhaps over the
Arcticand Antarcticand recoversome of the fragmentsof collision.
v
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This is essentiallyto remindyou in a cartoonfashionof a I-D tether
configurationpotpourriof possiblethingsthat could be done. It is
importantto rememberthatwhen we talk about tethersprovidingan
opportunityfor access to milli-G levelseitherdirectedtowardearth
or out away from earth that you stillhave a center of mass point
which is at 0 G. It is reallynot a matter of buyingone or the other.
You actuallycan buy a range of differentthings. You can lower probes
into the ionosphereas suggested. JeromePearsonhas a very nice idea
about loweringhigh temperaturecells into the upper atmosphereand
using them to plane changeso as to minimizereactionmass. You have
this possibilitywith these I-D systemsof launchingsatellitesto
higher altitudesand perhapslarge separationof your power plant mass k
from the major users. _
It is importantto rememberthe possibilityof booms being employedin
various components of the system so that you have static separation
elementssimply using booms that you can imagine being built now. There
is a secondaspectof this particularapproachto booms. That is the
access to experiments deployed along the I-D axis. In effect you would
not reallylike to have to climb aroundevery experimentto accessone
or to have to pull them all in to get at one. One reason for proposing
a boom deployedfrom the centralservicearea is that yo9 couldhave a
crawleror somethinglike that so that you could go out one free element
and go across and repairor replacewhateveris on your main experiment
line. There are other ways to do this if this boom were very long or _A
else if you had a long set of tethers.
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At the extreme,you can turn the boom into a raft using very massive
collectionsof externaltanks. v
There is a possibilltyof using differentialair drag across a structure.
The low drag high ballisticcoefficientelementand the high drag low
ballisticcoefficientelementgives you tensionin the velocityvector
direction,allowingyou to start spreadingout your array even more.
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In this chart, types of tether configurations have been broken into two
very broad areas, dynamic constellations and static constellations. The
staticconstellationswere brokendown into drag stabilizedunits, pure
gravity gradient stabilized and combining the two into a set using both
drag and gravitygradientstabilization.There are other possibilities,
dynamic constellations in which centrifugal force is used to provide
your 2D structure,convergingthem to your gravitygradientforces to k
end point or perhaps like a wheel roll around in orbit.
This chart gives examples of connected constellations. There is the
possibilitythat storageof very massiveresourceswill be one very
major use of these typesof configurations;anothermight be the sub-
orbitaldumpingof debris. With a manufacturingsystemat work in the
near atmosphere portion of a I-D configuration, debris could go into
lower altitudeorbit and be removedby the atmosphericdrag much quicker.
That may be a way of gettingrid of an accumulationof debris. Another
might be mobile shieldingagainstenergeticelectronsif you had very
large areas thatyou could place betweenyou and the primarydirection
of the electronbeams. This would remove fromyour immediatevicinity
sourcesof x-ray emission. Extendedsystemsmight be used as microwave
outriggersor, as clustersto transmitand receiveon the same frequency
throughdifferentantennas. Perhapsextensivegroundplanes to the local
plasmamight turn out to be important. Now that is somethingthat might
be testedout in orbits somewhathigher than low earth orbit beforeyou
went all the way to GEO to try it. A very importantthing about all of
this is the fact that it is not Just the possibilityof small gravity
that controlsthe gravityover an interestingrange of conditionsthat
may turn out to be very importantfor applicationsof extendedarrays.
Again a forewordin a PhysicalReview articlenoted that you could
arrangemulti-polemass distributionsto actuallyproducesmall volumes
in which G was 0 to very high orders. And you might use radial. One
that comes to mind in geosynchronousis the possibilityof radial probes
throughthe plasma cloudsextendedout to geosynchronousorbit. This is
a very interestingand dynamicarea. Here would be a way to study the
earth'smagnetospherealong a radialvector over long periodsof time
in a way that couldn'tbe done otherwise.
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TETHEREDCONSTELLATIONS
CONNECTEDCONSTELLATIONS:EXAMPLES
APPLICATIONS
-STORAGEOFD_SSIVERESOURCES
-SUBORBITALDUMPINGOFDEBRIS
-DEPLOYSYSTEMSOUTSIDEOFLOCALINFLUENCES(EX,SURFACE
GLOWSj EFFLUENTS, WAKES, RFI, VIBRATIONS, ACCELERATIONS,,,,)
-MOLECULARI PACTSHIELDS(WAKESHIELDS)
-PROBESANDTESTBODIESDEPLOYEDTO IONOSPHEREANDUPPER
ATMOSPHERE(PLASMA, REENTRY, HYPERSONIC FLIGHT, GAS
RECOVERY(?), SINGLE OR MULTIPLE TETHERED LINES,
COMMUNICATIONs(H,V,ULF THROUGH IONOSPHERE)),
-HOBILESHIELDINGAGAINSTENERGETICELECTRONS(LOSSCONE
AND DRIFT BIASED)?
-ADVERTIZING& PUBLICANNOUNCEMENTS
-_ICROWAVE- OUTRIGGERS,CLUSTERS,TRANS_IITT/RECEIVESETS
-PARASOLS
-EXTENSIVEGRIDDEDGROUI!DPLANESTOLOCALPLASMA
-LOFTFORSOLARSAILS
-HEOPARKINGOFHIGHLEVEL_ASTES
-MOMENTUtI(S)_ ENERGYBANXING
-SOLARSAILOFF-SETFORGEOSATELLITES
SCIENCE
-SEGMENTEDTELESCOPES& INTERFEROMETERS
-CONTROLLEDGRAVITYFACILITIES- DRAGOFF-SET
- CENTRIFUGAL
- VIBRATION ISOLATION
- GRADIENT (+/-)
- HIGHER ORDERS (R,FORWARB)
-U/VLF_!AVEACTIVATIONs LOCALPLASMAEXPERIMENTS
-RADIALPROBETHROUGHPLASI,_PAUSE(GEO)
-STERO-II,'_GERTRIPLETS(EARTH,LOCALE)
-MAPPINGPAVITYFIELD(GRADIENTFORCE)
-MULTIPLELABORATORIESFOR:BIOLOGY,APPLICATIONS,SECURITY,.
MULTINATIONAL, COMPANIESj NATIONAL LABS. ....
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We should give more thought to the sense of how far can we take the
process of filling up a large volume of space in a useful way,
3-dimensional way. According to Freeman Dyson and Just based on simple
gravity gradient calculations, you should be able to use lightweight
structures to fill up their large volumes in earth orbit. Aerodynamics
is clearly going to be a very major concern in rendezvous and
docking, how you shake structures apart, how normal operations shake
stuff apart, how you interact with the magnetosphere. These should
receive a lot of attention. Qualitative things that haven't been looked
at very much but clearly are important are central services vs. distributed
capabilities. What advantages do you get from isolation vs. safety
backups being close to you. Can you have long term utility and flexibility?
There will be a lot of concern given to local transportation and also to
human access both through improved space suits and possibly through local
control of remote devices such as teleoperators. One thing that has been
pointed out is that there was a lot of analogous work in teleoperators going
on in the field of undersea robots used for deep ocean or industrial work
in the ocean. There is quite a bit of experience there applicable in this
area. We can look at this stuff in a way that we can see a creation of
growing local resources.
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MAJORQUALITATIVE& QUANTITATIVECONCERNS
-WHATARETHEOPTIONSFORFORMINGCONSTELLATIONS?
TETHERS - VERTICAL g ALONG DRAG
E-M INTERACTIONS (ACCELERATION & DRAG FORCES, TORQUE)
MAGNETIC ALIGNMENTS
SPIN-ORBIT COUPLING
TRUSSES - STATICs DYNAMIC
DRAG ELEt4ENTS
COMPACTVS/OR EXTENDED 1,2,3°
-DYNA_IICNTERACTIONS
CONFIGURATION AS IS
DURING RENDEZVOUS_ DOCKING
CONFIGURATION CHANGES (QUlCKj" GRADUAL)
DEPLOYMENTPHASES
MAGNETOSPHERIC& ATMOSPHERIC CHANGES
THRUSTER PLUME EFFECTS
COLLISIONS WITH TETHERS(WHIP?) OR CENTRAL BODIES
TETHERS SNAPPING, DEGRADING
-CENTRAL SERVICES vs DISTRIBUTE]) CAPABILITIES
-ISOLATION vs SAFETY BACKUPS,ACCESSIBILITY.EASE OF
INTERCHANGE,HINI._LINTEGRATION,REDUNDANCY
-LONG TEP_ UTILITY,FLEXIBILITY
-LOCALTRANSPORTATIONPETHODS
-HUMANACCESS
SPACE SUITS
LOCAL CONTROLOF REMOTE DEVICES (TELEOPERATORSa°o)
EARTH BASED CONTROLSOF SYSTEMS, EXPERIMENTS,°°,
-CREATIONOFGROWINGLOCALRESOURCES& OPPORTUNITIES
ENERGY & MOMENTUMVIA SOLAR POWER& E-M INTERACTIONS
ACCUMULATIONOF MATERIALS RESOURCES
ETC,
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Tethers in a different way open up the utility of large masses in orbit.
They can be assets. This happens in several different ways. It might
allow the reoptimization of the STS itself toward greater total mass and
volume per launch. That would open up new ways of optimizing or upgrading
the shuttle, even how you think about costing it. It might clearly en-
hance orbital energy momentum banks. There mightbe many uses for higher
ballistic coefficients in orbits such as getting up towards hundreds of
tons/m 2. Providing significant material resources on orbit should be
extremely useful in thinking about a long term space program. For
example, passlve acconmodations to the space environment yield either
adequate shielding or long term time constants. This directly encourages
a larger set of operations off earth. This will bring closer the re-
accessing of the moon for use of resources. In a very general way, this
is a village farm analogy. I think tethers might provide a way to com-
bine the village and the farm. The village in this case could be some-
thing like a space station which could provide high cost common facilities
at a core. You can have long range and a big bit rate communication.
Heavy computing might be there and could accommodate labor, sometimes
called astronauts. On the other hand, small satellites spread to
the tether distance and Could be specialized, semi-independent
facilities. You could concentrate on reducing their cost and maximizing
their accessibility to many other groups outside of the standard aerospace
community. These might be used by national labs and universities. Perhaps
France could support activity in a given small facility via Arianne. These
user facilltles could be specialized in various ways. They are interesting
because they might give economies of scale in the production of the
facilities or certain large housekeeping components of the facility such
as power or local communications. It would open up also the possibility
of creating local economic loops in space economies not economic space
access but actually starting to do things in space that helps other space
needs. One thing that may turn out to be extremely important is that it
could simplify NASA interfaces to the outside world. I£ basically what
you need is a string to hold onto and then talk to, your high bit rate
comllnk back to earth on a local basis might expand in a piecewise way.
Minimal units of investment could be rented, leased, dr remade in space
to provide opportunities for other people to do things.
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QUALITATIVELYATTRACTIVEASPECTS
OLARGEMASSESINORBIT(SPACE)CANBEASSETS:
-ALLOWREOPTIMIZATIONOFTHESTSTO_IARBGREATER
TOTALF_SSANDVOLUMEPERLAUNCH(ETs,EXTRAg
DIFFERENT PAYLOAD MIXES, BOOST OPTIONS),
-ENHANCEORBITALENERGY-MOMENTUMBANKS.
-HIGHERBALLISTICCOEFFICIENTSPOSSIBLE(TONSTO
lOOs TONS/M_).
-SIGNIFICANTMATERIALSRESERVESON-ORBIT,•
-PASSIVEACCOMMODATIONSTOSPACENVIRONMErK,
-SHIELDINGS,
-DIRECTLYENCOURAGECCESSINGLUNARESOURCESTO
SUPPORTLARGELEO&DEEPSPACEOPERATIONS,
OVILLAGE-FA_.IANALOGY
-PROVIDEHIGHCOST,COM_HONFACILITIESATCORE(LONG
RANGE & ttIGH BIT RATE COMM., HEAVY COMPUTINGj
ACCOMMODATELABORs .... )
-MANYSPECIALIZED,SEMI-INDEPEND_KFACILITIES(ETs,
PALLETSa SPACELAB UNITS OR SPECIALIZED PAYLOADS FOR
USE BY NATIONAL LABS, UNIVERSITIES, COMPANIES,
FOREIGNCOUNTRIES),L
-USERSFACILITIESHAVENECESSARYSPECIALIZEDRESOURCES
(POWER_ LOCAL COMM. & COMPUTINGs CONTROLS_,.).
-HAVE'_NYUSERFACILITIESTO B_COURAGE:
ECONOHIESOFSCALEINPRODUCTION;
LOCAL(INSPACE)PROVISIONFGOODS& SERVICES;
SIMPLENASAINTERFACES;
EXPANDPIECEWISEWITHMINIMALUNITINVESTMENTSz MANY
RENT,LEASEANDREMAKEINSPACEOPPORTUNITIES.
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TECHNOLOGYANDTEST
PaulSiemers
LangleyResearchCenter
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This talk addresses the definition of the tether related technology status
and the program that should be initiated to develop technology required _k
by the satellite system and technology applications.
In looking at the tethered satellite system itself, it is necessary to
go back and look at the technology that was developed and implemented
in the successful Gemini program. Two problems in the area of
technology have been identified. One is the state of dynamic modeling.
This includes: the modeling of the tether itself; the tethered satellite;
the influence of the tether satellite system on the shuttle and the
implications of various perturbations and anomalies; the significant
parameters that must be addressed; the state of the dynamic modeling
systems that are presently available; and what work needs to be done
and in what time frame. The second problem involves the materials that
are presently proposed for the tether itself. From the recent experience
on STS5 with the Kevlar experiment, it is known that there is atomic oxygen
attack on the Kevlar material. How significant is that attack in the
design of the tether and what materials must be developed to accomplish
tether applications? The question marks are on the chart for the other
technology problems that have been finally identified in the short period
of time we have been working this task. Another item requiring examination
is what are the manufacturing capabilities that exist to build components
of the tether satellite system. The Langley Research Center is developing
a process called pultrusion which will allow the manufacturing of an
infinite length tether of any shape that is desired.
0
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TECHNOLOGYANDTEST
• TETHEREDSATELLITESYSTEM
0 TECHNOLOGYAPPLICATIONS
0 TECHNOLOGYANDTESTSUPPORT
TECHNOLOGYANDTEST
• TETHEREDSATELLITESYSTEMTECHNOLOGY
• TETHERSINSPACEXPERIENCE:GEMINI
• TSS:STATEOFTECHNOLOGY
• DYNAMICMODELING
• MATERIALS
• ????
• MANUFACTURINGTECHNOLOGY
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The basic pre-defined _eehno1ogy areas appear to::haveapplica_ion to I>
tethered systems. In addition, supporting technology development is 5/
required relative to the instrumentation required to support tether
application. Finally, the panel's activities are open to inputs from
all participants.
The agenda for the Technology and Test Panel over the next few days.
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TECHNOLOGYANDTEST
• TETHEREDSATELLITEAPPLICATIONS
• ELECTRODYN_ICS
• ATMOSPHERICS
• POLARORBITREQUIREMENTS
• WAKE FFECTS
• AEROTHERMODYN_ICS
• FLIGIITSYSTEMS
• ORBITALSYSTEMS
• LARGEAPERTUREANTENNA
• MATERIALS- TPS
• STRUCTURES- LARGEAREA
• INSTRUMENTATION
• PANEL.INPUTS
TECI_OLOGYANDTEST
o INTRODUCTION............................ P. M. Siemers,LaRC
o TETHEREXPERIENCE- GEMINI..................... D. LanE,Consu1_ant,JSC
o TETI_REDSATELLITESYSTEMTECHNOLOGYSTATUS............ Do Crouch,_C
o TETHERMATERIALS.......................... D. Crouch,MMC
D. Tenney=LaRC
o TETHERSATELLITESYSTEMDYNAMICMODELING.............. J. Slovey,SAO
o TETHERMANUFACTURING........................ J. MacConochle,LaRC
***LUNCH***
o ELECTRODYNAMICS.......................... LeKC
o ATMOSPHERICS............................ N. Engler,g of D
o AEROTHERMODYNAMIC......................... K. Sutton,LaRC
Col.N. Lee, USAF
G. CarlomaEno, U Of Naples
o INSYRIRD4TATION.......................... G. Wood, LaKC
0 A,NTZ_ARANGE , . , , ,", , . , . . , , , , , . , . . . , ° , . . .P. Slemere for
W. Granthan, LaRC
o PROPOSALS............................. ALL
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WEERE ARE WE GOING I N  TETHERS 
Professor Giuseppe Colombo 
Harvard-Smithsonian Center for Astrophysics 

Let me express first of all my deepest feelings of gratitude to
NASA and, especially to the many people of NASA, and especially to my
old friends with whom I began my work and the many friends who have
contributed so much to my research. Most of the ideas I have had have
been the product of the interaction with a large number of friends who
often were more clever than I. Therefore, I do not know if I deserve
the award which tonight has been bestowed upon me, or if I should share
it with at least some of the friends with whom I have been closely working
in the last 25 years since I came to the United States.
When I was 35 years old and had become a Professor of Theoretical
Mechanics, I felt a pressing need for expanding my activities to widen
the horizon of research beyond the necessarily confining limits of the
scientific environment of my own town and my country. In older days,
the spirit of the universality of knowledge, from which the name
"university" derives in a sense, I was following an old tradition that
particularly flourished in Italy during the Renaissance time, a tradition
of the itinerant scientist. I came first to the United States where the
action in space research was taking place. The decision had a revolutionary
effect on my llfe, and in a few years, brought me in contact with a large
number of people from the east cost, to the south, to the mld-west, to
California. In Europe, my travels extended to England, France, Germany
involving European.programs of ESA and NASA. These extensive travels
cost me a lot in terms of physical stress. However, it also gave me
the opportunity of opening my mind to worldwide vistas of space research.
Besides, and more importantly, I learned the basic theory that first you
have to be ready to donate if you want to acquire and to receive. And
secondly, that you don't have to keep track of what you owe and what you
get, for checking the balance. The results were positive, even if my
family and I had to pay a high price. During all this time the interest
for scientific work kept mounting and has been providing the force and
the courage to keep going against the odds, especially in the past 6
months.
Let's now move to the technical part of my speech. Where are we
going with tethers? This is the title of my speech and I have made a
list of the topics which I should speak about. However, what has been said
in the sessions today is in a large part what I want to say tonight: in
particular what is the state of the art of the tether at present in space
science and applications and in space operations.
Therefore, I think I will limit myself to speaking about the
history of the tether, and specifically, of my llfe with the tether.
I was working back in 1974 on problems related to pipeline laying in
the North Sea. I got acquainted with a very harsh environment of the
North Sea, and the difficulty of laying a pipe down at the bottom of the
sea, and when I came here my friend Marlo Grossl asked me if I wanted to
work with him on the possibility of deploying an antenna for ELF and ULF
from the Shuttle. I thought that I had enough experience in long flexible
members, that I could help him. So, in fact, we came up with the idea of
the Skyhook in this way and from the Skyhook naturally developed the
electrodynamlc tether, and all other applications. We began thereafter
to try to sell this idea.
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The first invitation for presenting the idea was from Marshall
Space Flight Center through my friend Chuck Lundquist. We went there
and we made a presentation of the Skyhook. I had a feeling that at
the beginning, the people were very skeptical but after 2 hours they
weren't anymore. Well, as you realize, it took us something like I0
years to bring us here. If I could compare my few other things that I
did in my life, I should say that it took me 5 minutes on the telephone
to convince Irwin Shapiro that the rotation of Mercury was 2/3 its orbit
period. It took me 5 minutes to convince Bruce Murray to change the
orbit of MVM 73 for making possible five flybys instead of one. It took
me half an hour to convince Dr. Pickering that the Solar Probe was a
mission deserving a very high priority. It took me I year to convince
ESA to fly its Giotto mission. It took me the past 9 years to convince
NASA to fly a tether.
You may ask why, and if, I have an explanation. In fact I have
an explanation. You see, there is a fundamental problem here. How do
we arrive at the dynamics of celestial bodies? You may arrive from
the ground, or from the sky. When you arrive from the ground, you
arrive with an experience of aeronautical engineering, or general
mechanical engineering. When from space, you arrive with the experience
of dynamical celestial bodies, the experience of space physics. This
way you build up two completely different engineering fields while you
have to deal with only one dynamic environment and you have to deal with
engineering specifically for space. What happened is that space research
grew up from aeronautics and mechanical engineering, carrying with it
the weight and the difficulty of ground and air operation and the complexity
of an environment which is controlled by random processes most of the
time. While, when you start from the dynamics of artificial bodies in the
sky, you generally come from an environment where deterministic processes
are fundamental, and the random processes are negligible.
There is a fundamental reason science started in the sky. Because
the dynamics in the sky are much simpler than the dynamics on the ground.
Keplerian Laws were found before people understood the mechanics on the
ground. We tried to interest NASA in the tether, proposing with MIT a
dumbbell experience to the Advanced Applications Flight Experiment Program
5 or 6 years ago. This experiment was supposed to be launched on a Scout.
We were thinking of deploying two satellites with a tether 50 to I00 km
long. Unfortunately, this project was not accepted, but had history gone
a little differently, we would have acquired very important experience.
As I said, the space dynamical experience is an environment where
we have to make a new experience, a new sense, a new feeling. Not only
us, I think, but even the astronauts. We both have to learn a little
more of what is going on in operations exclusively for space.
Certainly, it is very strange that after the Apollo project, when
we had come to a point where we had become familiar with very advanced
space operations, we have to start again. However, and this is one of
the fundamental reasons, it seems to me that because of the question
of money, the speed at which NASA is now working and advancing isn't any-
thing like the speed of the Apollo project. When I started the idea of
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the Skyhook, we wanted to show that something which was impossible on the
ground was possible in the sky by showing that a spacebornetether i00 km
long is feasible. It is the first really large structure in space. Those
were the times when we were working with very large structures in space
for solar powered spacecraft. So when I started, I started only with
thinking big, we came up with the idea of using the tether for complicated
systems. In the environment that we were then working in, the future of
space was not only big, but also relatively close in time. Now, after
having heard Bob Freitag today, I have the feeling that this process will
be much slower than we think. The tether will fly possibly by the end
of the 80s, and then people will begin to learn slowly what is going on
in space.
Besides, I think the universities have to begin to teach a little
more celestial mechanics to the students. For example, I today heard
Chris Rupp speaking about the effects of the higher harmonics on the
tether, for instance. But did anybody study the effects of the higher
harmonics on the space station? Just to give you an example, I have
been studying with one of my friends, Jack Slowey, at SAO, the critical
inclination orbit, 63 degrees, which by the way is very close to the
orbit of the Russian spacecraft. We found that in space you can modify
the orbit simply, by Just using the higher harmonics of the earth's
gravity field. Or, you may ask how many engineering students know
Cassini's laws regarding the motion of the moon? If you have a large
space station, you have to know how the gravity gradient affects the
motion of the space station about its center of mass. I have a feeling
we are missing a fundamental point here.
Space technology is not the continuation of aerodynamics. This is
the fundamental point. We are carrying into space something, the
Shuttle, which is not meant for operating in space. It's made for
carrying payloads from ground through the atmosphere into space. When
we begin to think of building up something to operate in space then we
have to think in a completely different way. Bob, today you said we
have an evolutionary space station. But you don't grow a chestnut if
you plant a small cherry tree. If you don't decide that now, you won't
start well and you'll have to start everything again as you did with the
Shuttle after Apollo.
It seems to me that I must be specific about what I am thinking
regarding such a wonderful object like the Shuttle. I have been thinking
in terms of the flexibility of the Shuttle. Not the flexibility you
have now, the flexibility you will succeed in having in 3 to 4 years,
before the tether will fly. I'm very worried about this. The I0 hours
of tether deployment required today will reduce drastically in 4 or 5
years when we have more experience in space. This is a very big limita-
tion we are accepting, naturally for very good reasons, for safety, at
present. But we still have a system which will have a capability of doing
much more than we can do today. So when we're speaking of where are we
going with the tethers, we have to consider the evolution of space technol-
ogy. If we don't consider the evolution of space technology and consider
just the state of the art now, we will severely limit our possibilities in
the future.
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Certainly we may envisage two possible evolutionary patterns for
the future of space and here I come back again with the work we have
done with Phll Culbertson. If in space we are going to manage only
information, then frankly I don't see a place for the Shuttle, but if
in space we will do something else, which is most probable, then I see
space for the Shuttle, and I see space for the tether as a fundamental
basic structural element of the future.
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First of all let me say a few words about the disciplines
representedand the fact therewill be some thatessentiallyare not
represented on this llst.
• Geodynamics
- MagneticFields
- GravityFields
- MagneticAnomalies
- GravityAnomalles
- CrustalMovement
• Aeronomy
- NeutralDensity
- IonosphericPhysics
- Chemistry
• Electrodynamics
• Earth Observations
- Cartography
- Land Use Classification
- VegetativeIndicesand Classlficatlons
- Hydrology
We have peoplehere from the geodydnamlcsarea and we're
interestedin studyingmagneticfields,i.e., the rate at which ortho-
normalmagneticfieldschangein time. With gravityfields,we're
interestedin magneticand gravityanomaliesand also interestedin
crustalmovement. With the crustalmovementthere is reallya posi-
tioningfunction. That isy if we have two beacons,one on the Shuttle
and one on the tether,then we have a mechanismby which we can fix
pointson the ground. This gives us a much more accuratemethod for
determiningcrustalmovement.
In the area of aeronomy, we're interested in mutual density and
also in composition particularly above 120 km where the atmosphere
changes£rom a per£ectlymixed,homogeneousatmosphereto one where each
moleculeis subjectto each what is basicallyconsideredseparation.
Therefore,we get differentrates of fall off with altitudewith these
ionosphericphysics. We call this aeronomybecausewe reallycannot
separatethe two. They act on one anotherand, therefore,to understand
one you must understandthe other. To fully understandthe chemistryof
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the atmosphere above 120 lun, the atmosphere changes from an 02 and
molecular nitrogen atmosphere to one that is dominated by atomic oxygen.
It's the rate at which it occurs that is of interest from a chemistry
point of view. It is true to say that below 200 km we have limited data
at this present moment. You have already heard from the technology
panel that at i00 km, we have even less data. In fact, we are going to
perform new basic research on the Earth's atmosphere with the tether
system.
In the area of Earth observations,one can improvethe resolution
that is achievableby going to the lower altitudes. One can also
improvespatialresolutionand the spectralresolution. These areas
that we have identifiedwhere we can use the tetherallow us to improve
the presentstate of knowledgein the area of cartographyand land use
classiflcation;for example,crop classificationand hydrology. These
are the areas that we chose and what we have doneis to put these things
into some order of priorityas to where to go with the tether system.
What we have done is to try to definewhatthe futureapplicationsof
the tethersystemare requiredfor our discipline. The reasonwe have
one list is becausewe found as we went througheach discipline
beginningto requirethe same sort of developmentfor the tether.
Therefore,we put them on one llst to representall of our scientific
needs. We call it "science"becausewe are very sensitivethese days to
the word "applications."There is always this feeling,and you hear it
withinNASA, which is NASA shouldbe fundamentalscienceand astronomy
and applications;and the idea is that if you'reworkingon the atmo-
sphereor the land, it's secondrate science. Earth sciencesare the
scienceswe've removedthe word "applications."I don't care if it's in
the land or the atmosphere,it's science.
We believe that one really has got to exploit the present system;
it may sound a silly thing to say, but we think that it is important to
note that there is a lot of science that can be done with the present
system.
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FUTURE SCIENCETSS APPLICATIONS
• Exploitpresentsystem
• Repeatmissions
• Multiplepayloads
• Lcwer altitudelimit
• TSS from platform
• Free flyingtetheredsatellites
• Constellations
• Planetarymissions.
There are quite a few cases thatneed repeatmissions. What we mean by
that is that there needs to be guaranteedthat thesewill have repeat
missions. For example,the magneticfield of the Earth does not change
that rapidly,but it does change. We need to followthat as a function
of time. We may need one missiona year. We need a repeatmissionto
do that. Both those first two reallydon't requireany new applications
as far as tetheris concerned. What we're sayingis that there is a
plethornof stuff we can do given the presentsystem.
The first thing we would llke to see added is abilityto put
multiplepayloadsonto the tetherbecausewe can do interestingthings.
We can get altitudeprofileof species. That'simportantbecausenow we
can begin to separateour temporaleffectsfrom spatialeffects. Let me
give an exampleof this. Thunderstormsand other interactionsthat
occur on the surfaceof the earth generategravitywaves. These gravity
waves are manifestedwhen you get up to 120 km by changingthe density
with time. If we have one detectorat one place and we see a changein
density,we're never quite certainwhetherthat'sdue to the moving of
the satellitethroughthatmedium and, thereforep there is a special
change or whetherwe are seeinga time change. One thing we can do by
havingseveralsatellitesor severalsatelliteson a string is we can
look at that whole gravitywave as it progressesup throughthe medium.
You can see now how each of these detectorson the differentsatellites
varies with time. We can begin to separateour timevariationsfrom
spatialvariations. Multiplepayloadscan also be used to obtain
gradientsalthoughthe generalfeelingof the group was that it is, in
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fact, better to devise a gravity,radiometerand fly that in one satel-
lite than it is to have two systemsfar apart. There are ilmltatlons.
The lower altitudelimit will have to be lowered. No questionabout
that; we want to do flightswhich can get us down below 130 km. Our
secondpriorityinsofaras applicationsare concernedis to get to those
lower altitudes. We did discusstwo ways of doing this. One is to
lower the whole spacecraftdown to lower altitude. One other system
that we also consideredwas lowerlnga smallersecondarysatellltedown
from the main satelliteon a secondarytether. I think we even called
it a subtether. One of the limitationsthatwe see with the lower
altitudelimit is that you'regoing to reach a point where the space-
craft is going to sklp along the top of the atmosphere. It won't go
down any further. There is a whole range of engineeringand other
studiesthatmust be made in order to reallymake certainthat we can
reach the lower altltudes. From a scientificpoint of view, there is a
great deal of interestin it; and from an engineeringor technology
point of view, there is great interestin gettingto those lower
altitudes.
Havingdiscussedloweraltitudes,we next considerthe fact that
what we reallywould llke, of course,is to do these tethermissionsfor
long periodsof time. So we began to look at the whole questionof the
tethersaellltesystemfrom a platformas distinctfrom Shuttle. The
same thing thatwe have said beforewould apply to that particularthing
also. The same bondageswould apply--multiplepayloadson a string,
once can obtainover years, severalyears. One can also use the tether
in this case to get away from the contaminationwhich surroundsthe
platformwhich is one of the reasonswhy NASA is lookingat the idea of
a centralspace stationwith satelliteclustersaroundit. Anotherway
of doing that is to lower the thing on a platform. We reallyneed to
have a detailedstudyof Justwhat stabilityCan be obtainedon what
satellitesystemas it is lowereddown from the platform. It is the
stabilityfor many of the measurementswhich is the importantthing,
especiallythe remote sensingmeasurements.
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One of the proposalsthatwas submittedto us includesthe idea
that for many purposesyou need more than one angle of viewingof the
Earth. The advantagein multiplepayloadsis thatyou can get more than
one angle of vlewlng. For example,the s_des of the SAR get an image
factor which is highly angular dependent, and by lo?klng at it at more
than one angle, one can get much more information out of those two
photographs or two images than one can get out of any single one. The
reason for that is that the differencein the lookangle gives you
different topographic information. By combining those two, you learn a
lot about the overall topography that you're looking at. The next thing
we considered were free flying tethersatellites. The original idea was
basicallyto have one satellitebeneaththe other so that we could look
at (withabout one scale heightapart in the atmosphere)the differences
betweentemporaland spatialeffects. We lookedat the whole question
of constellationsbecausewe'd also llke to look at the variabilityin
the horizontalplane. Some of the thingsthat we saw comingout of the
constellatlongroup, the idea of satelliteVertlcallydisplacedvs.
horizontallydisplacedwould also be very usefulfor us to look at from
the point of view of gettingmore informationon the temporaland the
spatialeffects.
Finally,we don't see why the whole idea of the tethersystem
could not be appliedto planetarymissions,in particular,to get
payloadsas close to the surfaceas posslbleand not only in some of the
weak atmosphereplanetssuch as the moon and some of the moon's of
Jupiterbut also perhapsgettingit even lower down above Mars.andabove
someof the other planetsas well. We think it could,indeed,once you
look at the whole questionas to whetherthe TSS principlecould not be
appliedto planetarymissions. We have one final thingabout which we
knew nothingand, therefore,we feel quite obllgatedto tell you all
about it. We wanted to know whetherthe whole conceptof constellations
is not somethingthe astronomycommunitymight not be interestedin.
They are buildlngquite a few of these large arrayson the ground to
improvethe resolutionof their presentinstrumentsand it would seem to
use that if one would apply the same principleto an array of detectors,
telescopes--butin space that one might findan interestfrom that
communityas well. 4-9
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Tablei givesa listof ideasfortechnologicaland scientific
usesof electrodynamictethersin spaceconsideredby the electrodynamic
interactionspanel.
TABLEi
ADVANCEDAPPLICATIONSOF ELECTRODYNAMICTETHERSIN SPACE
I. TECHNOLOGY .
1. POWERGENERATION(HI-I,LO-?)
2. THRUSTGENERATION
3. ULF/ELFCOMMUNICATION
4. ENERGYSTORAGE
5. IN-PLANESHEETPLASMACONTACTOR
6. THRUSTGENERATORFOR PLANETARYCAPTURE
7. INTERPLANETARYPROPULSION(SOLARWIND)
II. SCIENCE
i. GENERATIONOF WAVESIN PLASMAS
2. FIELDALIGNEDCURRENTS
3- LARGEBODYSHEATHAND WAVES
4. PROCESSSIMULATION(SOLARSYSTEMANDASTRO-
PHYSICSPLASMASIMULATOR)
--iKV.
In terms of the power generator, what is really required to gen-
erate utility power for general use on a space station is not a hundred
kilometer tether. You don't want high voltage-low amp power for space
station utility power. You'd rather get the high power by having high
current and low voltage. This simplifies the situation in several ways.
It gets away from the high voltage tether insulation problems, the high
voltage isolation of the spacecraft, and also simplifies the conversion
of the power into a usable form. One idea that we examined makes use of
the constellation concept with a number of tethers deployed in parallel
to generate the higher current (see Fig. i).
This has several advantages. First of all, it provides a number
of contact points with the ionospheric plasma. One of the problems that
looms the greatest in this application is the ability to make adequate
contact with the plasma and extract or exchange charged particles with
it. So the ability to multiply the contact points increases the area of
contact. This is important. The tethers will be somewhat shorter,
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generating lower voltages, 1 kV rather than 20-30 kV. The current would
be higher, 50-100 amps. This brings us into a parameter range where
power converters are readily available.
PLASMA
CONTACTOR\If!
n
E3 J ST
ALFVEN
WINGS
Figure i. A Parallel Tether Current Generator
We were highly concerned about the mass of the tether and especially
its mass once adequate insulation is applied to it for the very long
power generation tether. A massive tether with massive insulation would
be difficult to deploy. One way to solve this problem is not think of
it in terms of deployment but, rather, in terms of erecting a semi-rigid
system to remain there permanently. Oscillations would be taken out by
varying the electrodynamlcs properties. If you think in terms of a semi-
rigid tether concept, NASA has under development a program for a beam
builder which takes a roll of flat material and rolls it out, molding it
into a long beam. The system was designed to fabricate truss structures.
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However,in this case, one can simplytake a roll of materialof the
desiredweight,roll it out, deformingit into a semi-rigid"beam"
tether. The materialcouldbe pre-coatedwith as much insulationas
required. It would be rigid enoughto ease the problemof the initial
erectionand the tetherdynamicsand orbitaldynamicswould maintainit
in positionat greaterdistances. It wouldn'tbe rigid enough over a
I0 km or a 20 km distanceto keep its shapebut then the normal tether
orbitaldynamicswould maintainits shape.
In terms of thrust generation, the thrust vector from the I x B
force is not always velocity aligned. In fact, one has to work at the
situation in order to attain useful force to lower or raise the orbit.
You don't just turn it on and leave it on because the angle between the
velocity vector and the force varies over the orbit. Rather, one has to
select portions of the orbit where the force is aligned in the required
direction. Recognizingthis, it's quite obviousthat in additionto
raisingand loweringthe orbit,one can also change the angle of
inclination.
In the area of energy storage, the addition of a small increase in
orbit height provides additional energy to be dumped back through a
tether power generator at times when peak electrical power is needed.
This technique can be used, for instance, with solar arrays because in
low earth orbits solar arrays provide power only during the daytime.
That being the case, a space station or platform would require a lot of
batteries, which are very heavy, in order to store power for use during
the nighttime. The energy storage technique, using the tether as a
motor generator, could be used to make up this deficit at night. The
orbit is simply raised slightly during the daytime, and the power dumped
back down through the tether at night when no power is available from
the solar arrays. This represents a different application of the tether
thrust/power generator concept.
A new idea concerning contact with the plasma was presented today.
If very large inflated balloons are deployed for plasma contact, the drag
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becomes high enough that one has to become congerned about it. "One way
to get around this and still maintain the large collectionarea is to
deploy an In-plane window shade type device. It could be a conducting
mylar sheet deployed between two rigid structures. It can be in-plane
since we're collecting electrons which are not aligned with the velocity
vector. (It's the alignment with the magnetic fields that's important.)
By being in-plane, the drag would be much lower while the collection
area would be larger.
Another unique idea that was presented this morning was the use of
a tether thrust generator on planetary missions for planetary capture
(see Fig. 2).
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Figure 2. Electrodynamic Braking for Planetary Capture
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Basically, the idea is that upon entering the magnetosphere of a
planet with a strong magnetic field, such as Jupiter, the spacecraft
splits into two halves and deploys an electrically conducting tether
which conducts high current between the two pieces. The force generated
decelerates the spacecraft allowing it to be captured in orbit about the
planet. Of course, one has to look more closely at this idea to see if
sufficient thrust can be generated to allow capture during one encounter.
Otherwise, some chemical or other propulsion source would be required in
addition to the electrodynamic braking. A second modification of the
thrust generation idea is a very old one. It was originally thought of
some years ago by Hannes Alfven. It involves using the interplanetary
magnetic field to generate thrust for interplanetary flights. Thrust
can be fairly low but over a period of months a very high velocity can
be attained because the sun continually emits a high velocity solar wind
which carries solar magnetic field lines with it. The spinning motion
of the sun produces a spiraling motion of the field lines (see Fig. 3)
which travel away from the sun at something on the order of 300 km per
sec. In this case, it is not the spacecraft velocity that's important
but the solar wind speed. The main force generator is going to be the
current crossed with the solar wind velocity which is quite high, and
ultimately one can approach velocities on the order of the solar wind
speed. It could be a very useful technique on planetary missions and
mightresultin much shortertransfertimesandhigherpayloads.
In terms of science, what is really surprising, as brought out in
several of the presentations, is the very rich possibility for sclentlfic
investigation of this area in earth orbit; particularly for studying
parametric relations of processes and phenomena inherent to solar system
plasma physics. This is an important consideration for two reasons.
During times of active planetary programs, such experiments can con-
tribute very significantly to the planning of planetary missions. In
the late 50s and early 60s, when we first began to launch satellites,
we began to learn something about the earth's magnetosphere. Much later
when we went to Jupiter, it was the understanding that we had gained
about the earth's magnetosphere that enabled us to understand what we
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Figure 3. A Tether Thrust Generator for Interplanetary Missions
had observed at Jupiter and gain some insight into the' nature of its
magnetosphere. The same process can occur here. By understanding, in
somewhat more detail, the processes involved, one could plan instruments,
measurements and mission profiles that would greatly enhance the scien-
tific output of planetary missions. In times like the present, when
there are very few planetary missions, process simulation in earth orbit
may, in fact, be one of the very few, if not only, means we have of
learning much about the planetary processes. There is a possibility of
studying a number of other effects such as field aligned currents, double
layers, etc. that appear in our own earth system.
We spent most of the morning discussing some concerns that we have
in regard to the application of the electrodynamic tether. Table 2
provides a listing of these areas of concern.
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TABLE2
AREASOF CONCERNFORTECHNOLOGICALAND SCIENTIFIC
APPLICATIONSOF AN ELECTRODYNAMICTETHER
• TETHERMATERIALS(STRENGTH,CONDUCTIVITY,INSULATION,ETC.)
• HIGHVOLTAGETECHNOLOGY
• SPACECRAFTCHARGING
• VARIATIONSIN POWERWITHTETHERANGLEANDMAGNETICFIELD
VARIATIONS
- IMPEDENCEOF COLLECTIONMECHANISMANDRETURNCIRCUIT
REQUIRESEXPERIMENTALAND THEORETICALWORK
- RADIATIONLOSSESALONGTHE LINE--THEORETICALSTUDIES
REQUIRED:SYSTEMRADIATION,STRUCTUREOF CURRENTSIN
PLASMA
- COLLECTIONBODYPROPERTIES(E.G.,EFFECTOF SIZEON
RADIATIONANDALTERNATECOLLECTORS)
- COUPLINGWITHIONOSPHERE;PLASMADRAGAND WAKE--
THEORETICALSTUDIESREQUIRED,LAB STUDIESIN EXISTING
FACILITIES
- EMITPROPERTIES; IMPEDANCE,ETC.--PARTICULARLYWITH
RESPECTTO HIGHCURRENTHANDLINGCAPABILITY
- I X B"FORCEEFFECTON TETHERANGLEAND POSSIBLYORBIT
CHARACTERISTICS
- DETECTABILITYOF RADIATIONON EARTH--THEORETICALSTUDIES
REQUIRED,PROPAGATIONMECHANISMSNOTWELLUNDERSTOOD.
POSSIBLETSS COMMUNICATIONSEXPERIMENT
Let me clarify the first tether materials concern. We're not
talkingaboutthe tetherusedon thefirsttwo TSS missions. We recognize
that there are some concerns there with the tether material but that's
not what wetre addressing. It is felt that the atomic oxygen problem and
the insulation problems there are being dealt with adequately by current
studies and are resolvable. What we're talking about here are thetether
materials and insulations required for more advanced missions which have
much more aggressive requirements. For example, in this workshop, we
have considered tethering large, heavy structures. The current available
tether materials are really not adequate. The strengths involved would
require very large bulky tethers. If you're talking about tens of
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kilovolts of potential, the insulations that we know of right now, and
the techniques of applying those installations to conductors, are not
sufficient. Then one hasto worry about what happens with small
meteorite pits which would penetrate the insulation, creating pin holes.
It's known that such things as pin holes can cause a large scale break-
down in the vicinity of the conductor. So these are areas which need
technology development.
Table 3 gives a list of recommendations. First of all, in
attacking the problem of contact with the plasma, we felt it would be
useful to have a proof of concept flight experiment in which one would
investigate various devices that could be used to make this contact,
whether it be a passive, inflated conducting balloon, a window shade
device, a hollow cathode which forms a plasma bridge (which is not well
understood at this point), or Just an electron gun. All of these
techniques need to be studied and compared, optimized and actually
investigated as to how well they work in orbit. We need further
development of the theory in several areas and, in particular, the
three identified under the second bullet. Alfven wings are supposed to
form in the vicinity of the satellite and propagate outwards down field
lines. This is of scientific interest, but it's also essential for
technological utilization. The Alfven wings are the primary ways that
the charge gets spread over a large area allowing conductivity at high
current levels. If the Alfven wings don't form, then we may have a
serious problem. The theory right now is not sufficient to guarantee
that the Alfven wings will always form. The fact is that the present
theory was developed in the mid-60s and is not very definitive. We need
some better understanding of the Alfven wings, what conditions they form
under, and what kind of power dissipation they might be able to handle.
Radiation in the higher frequency modes will act to heat the plasma which
represents a loss in efficiency for the system. If we radiate a lot of
power at high frequencies, the system may operate at a much lower
efficiency; that's our concern. ULF and ELF radiation and propagation
through the ionosphere is not very well understood either. We can't tell
you now if you radiate at certain power levels with a tether antenna in
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orbit, whether you will be able to detect the signals on the ground; or
what level signal will be transmitted to the ground; or what size antenna
would be required. This is another area that needs to be better defined
from a theoretical point of view.
TABLE3
RECOMMENDATIONSOF THE ELECTRODYNAMICINTERACTIONSPANEL
• PROOF-OF-CONCEPT FLIGHT EXPRIMENT TO INVESTIGATE PLASMA
CONTACTING DEVICES
• FURTHER DEVELOPMENT OF THE THEORY FOR:
- FORMATION AND CHARACTERISTICS OF ALFVEN WINGS
- RADIATION OF HIGHER FREQUENCYMODES
- ULF/ELFRADIATION AND PROPAGATION THROUGH THE
IONOSPHERE TO GROUND
• FREE-FLYER (WITH PLASMA AND WAVE DIAGNOSTICS) TO MEASURE
WAVE EMISSIONS AND PLASMA PARAMETERS IN THE NEAR FIELD OF
THE TETHER/SATELLITE
• GROUND BASED MEASUREMENTS OF ULF/ELF EMISSIONS
• LABORATORY INVESTIGATION OF:
- PLASMA WAKES AND ELECTRODYNAMIC DRAG AND EFFECT OF
POTENTIAL
- OPTIMIZATION AND CURRENT CAPACITY OF CHARGE EMISSION
AND PLASMA BRIDGE DEVICES
We identified the need for a free-flyer for a number of reasons.
The main purpose would be to make plasma and the various wave mode
measurements in the near field of the tether. To do so, the free-flyer
should be instrumented adequately withplasma and wave diagnostics.
This allows measurement of emissions near the tether and, with the use
of ground-based measurements, and the received power levels on the
ground. This, in turn, gets folded back into the theory and we should
then begin to develop a very good understanding of radiation transmission
through the lower ionosphere to ground. We need ground-based laboratory
investigations in the areas of plasma wakes and electrodynamic drag.
The effect of very high voltages in this area has not been looked at
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nor has the optimizationof variousdevicesfor making contactwith the
plasma. For example,the hollow cathodedevicehas been used for a number
of years,but it has been used as a cathodein ion thrusters. What we
want to use it for is a differentthing entirely. It may not be optim-
ized at all for plasmacontactorpurposes. So we need to make sure
that it's optimized,that it works efficiently,and we have designed
into it the highestpossiblecurrentcapacity.
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We havenotyetarrivedat a totallywell-orderedpriorityand
sequenceof all this but what I am going to do is go throughten differ-
ent suggestionsthat we came up with and being inventorsand followers
of instructions,we have a cartoonfigurefor each suggestlon--courtesy
of some nifty drawingthatwas done in real time this morning. We have
this sequenceof events. The first one is Just plain to enhancethe
Shuttledeliveryof payloadsto higher orbits(Figs.i and 2). We made
this in sequenceof runningthroughthe beneflts--whatour assessmentof
practicality,most of the timewe have questionson thingsllke cost
benefits,and of course,operationalrequirements. Of course,here the
case is you can expectto go to higher orbitsthan you can with simply
the Shuttleitself. Obviouslynot higher than you can do with all kinds
of fancy upper stages. This is simplythe separationof the payload,a
sortof our basic systemwhere the two of theseare now in a gravity
stabilizedorbit;and when you releasethe Shuttlewill come down; the
payloadwill go to a higherorbit,and this seems to be one of the
straightforwardthingsyou can expectto do relativelyearly in the
game.
• BENEFITS: CAN REACH ORBITS CURRENTLYUNREACHABLE
• EXTENDSALTITUDEAND PAYLOADDELIVERYCAPABILITYTO
HIGHER POLAR ORBITS
0 PRACTICALITY: HIGH
0 COST BENEFIT: ?
• OPERATIONALREQUIREMENTS
Figure I. ShuttleDeliveryof Payloadsto Higher Orbits
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Figure2. PlacingSatellitesin High LEO from EllipticShuttleOrbit
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Now you can go to the question of having a Shuttle w_th an
external tank and the question of the downward release of the external
tank from the Shuttle (Figs. 3 and 4). In this case, you have the
possibility of saving 0MS propellant, increasing payloads and getting a
control disposal of the extra tank. Most of these things are practical
or we wouldn't be talking about theN. A lot of these techniques are
something that we're not use to. It*s a sort of a different operational
technique. Unitl people become familiar with theN, practice with theN,
get a better feeling for them, and think about them, it°s a little
difficult to say about some of these things. Of course, you have had
ways of attaching the ET to a tether from the orbiter and work ou_ the
various problems of impact prediction which should be relatively
straightfoward.
• BENEFITS:SAVESOMS PROPELLANT,INCREASESPAYLOAD,
ALLOWSCONTROLLDISPOSALOF ET
• PRACTICALLYMEDIUM
• COSTBENEFITS: ?
• OPERATIONALREQUIREMENTS:ATTACHINGET TO TETHERFROM
ORBITER,IMPACTON ORBITERALTITUDECONTROL
Figure3. DownwardReleaseof ET from ShuttleOrbit
A TETHEREDETSCENARIOWITH
INTERMEDIATE120NMORBIT
AND160HMFINALORBIT 4
ET
I _ 2 $ _NM
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Figure 4. Typical Mission Scenario
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The short of thing that we are sayinghere is shown in this
sequenceof eventswhere essentiallyyou take the ET which you've
stabilizedin orbit now by separatingthese two. We can use this to
givemore energyto the Shuttle--ofcoursepyou will plck up payload
presumablybecauseyou can use the high energy propellantsthe whole way
into orbit. This can be accomplishedwith relatlvel_short tethersby
which I means maybe 50 or 60 km. There is sort of a naturalsequenceof
eventswhereasyou try to get more performanceout of tether systems,
you tend to go to longer tethers which, of course, arrives at greater
materials problems in developing the tethers. Some of the missions that
you can come up with--this is an example of them--a relatively short
orbit and relatively easy orbital structural problem. When you look at
this performance, you quickly conclude that you like to have better and
better tethers because that's where you get more and more performance if
you decide,in fact, that these techniquecan be used. There is also a
sort of growlnE involvementwhen you start talkingabout having both
shuttlesand a relatlvelylarge space stationup there (seeFigs. 5 and
6), You play the game a llttlebit in reverseand after you'vegot the
shuttleto the station,you can transfersome of thismomentum to the
space station. So you do thlnEsllke automaticallydeorbltlngthe
shuttlewhile at the same time you get a higher energyorbit for the
station. You have plentyof games using retransferrlngmomentumback
and forth betweenthese systemsJust becauseof your skill in using
tethersand your understandingof the orbitalflightdynamicsthat you
can use to your benefit. Therefore,you can, in fact,make these kinds
of Improvements--thlsone would appearto be fairlystraightforwardand
again,of course,in the operationalrequirements,the case of learning
to make tetherreels and the thingswe are doing in our currentexperl-
ments are one thing. We can now start to use these thingsin thls-way.
Theremay be some interestingquestionson how you'regoing to secure
these tethersand how you'regoing to handle theseoperationswith
respectto theseman devicesthatare up there.
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O BENEFITS: STATION AND SHUTTLEPROPELLANTSAVINGS REDUCED
HEAT LOADON ORBITER AS A RESULT OF A MOVEGENTLEENTRY
O PRACTICALITY: HIGH
• COST BENEFIT: UNKNOWN
• OPERATIONAL REQUIREMENTS: TETHER SECURED TO SPACE STATION
Figure 5. Space Station Altitude Reboost Using Shuttle Angular Momentum
%%k%
@,p/
Figure 6. Reboosting Space Station by Lowering Shuttle
When Ready for Reentry
There is no great significance as to where the tether is left go.
The One on the figure was left to the artist's discretion. He obviously
wanted to keep it on the space station. There is an interesting thing
here. If you are deorbltlng the shuttle, it's not clear that you can
attach it that way because right not the shuttle operational require-
ments are such that you have to have the cargo bay closed before you
initiate reentry. A little bit of thought, that's a logical thing. You
can do this the way we normally think of tethers where they're on a reel
down in the cargo bay. What you need is a quick disconnect after the
cargo bay has been closed. So there may be a little question as the
routine of tether design if you're going to use a system like this.
This is the case where depending upon how long you make the
shuttle to be tethered and whether you use a swinging or gravity gradi-
ent stabilized tether, you start to get a strong interaction between the
shuttle and the space station if you dock with a tether. And the longer
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you make the tether, the more substantial the shuttle propellant
savings. This can be used to transfer extra propellant to the space
station if wish or carry more payload. What we are saying here is that
the longer the tether, then the more you have enough courage to swing
and rendezvous with it. The more you can start to, the shuttle will
require less total Delta-V to get there, and therefore, you will be
carrying more payload or if you go to a real extreme someday in the
future, maybe you can even design a single stage vehicle to reach it.
Another way of looking at it is the current shuttle. You are very
likely to wind up with a lot of extra propellant when you dock and this
can be transferred to the space station particularly if its usable in
OTVs or upper stages of various sorts. This one I think is pretty good
on practicality. It may take a little getting use to because now we are
hanging together these larger devices. It would help if we had prac-
ticed this on some smaller things to start with.
We got into some interesting talks about this rendezvousing with
this swinging tether, and there are several schools of rendezvous in _he
world. One says it takes a long time and you have to be very careful.
Then there are retreads like me from the missile business that feel that
rendezvous have sometimes been occurred in a matter of fractions of
seconds and it ought to be implementable. In the missile rendezvous
business, we never worried about accidentally colliding with the target.
In this case, perhaps my loose intuition has got to be reined in a
little bit. In general, if we have a swinging tether, you don't have to
get this over with in fractions of a second, if you would like to do it
in a minute or two. There is sort of an intermediate rendezvous case,
which is where you can't go around a couple more orbits Just because you
didn't want to buy a decent IR. On the other hand, this absolutely hair
trigger thing occurs in missile intercept where opposing velocity is
very high. So we are going to work on that. That's something that
seems to us a little bit of thinking starting along about now would be
very helpful. Now there is another thing that comes out of this per-
pendicular deal. If you start making significant payload transfers by
this process, you are going to start perturbing the orbit of the space
station itself. That has interesting possibilities because in some
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cases,you want to make up for orbit energylost in the space station.
That's llableto cause a huge urge for having electrlcor some formof
high ISP rocketand it may make a requirementperturbationon the power
requiredin the station. Furthermore_if this part of the stationis
part of a parade_it is latchedup tight to other portionsof the space
stationcomplexor even on tethers,if it is going to move aroundwith
respectto the others. It may not be any problemas far as the portion
of the stationwhich is the orbltalrefuelingto which you are dellver-
ing the payloads. We do have a situationhere where we start to make a
major interactionwith the shuttletransportvehicleon the part of the
space stationthat docks is going to be moving aroundin respectto
other portionsof the space stationcomplex. We need to give a little
thoughtto that. This is a standardpicturethat goes with that (Figs.
7 and 8).
• BENEFITS:
- SHUTTLEPROPELLANTSAVINGS
- EXTENDEDPAYLOAD
- SAFETYDUE TO REMOTEDOCKING
- EASIER PROPELLANTTRANSFER
• PRACTICALITY: MEDIUM
• OPERATIONALREQUIREMENTS: PRECISERENDEZVOUSMAY REQUIRE
"SMART"HOOK
Figure 7. ShuttleDock to Space StationTether
/
/
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Figure 8. Docking Shuttle to Long Tether Lowered from
Space Statlon--Enhances Payload and OMS to
Station
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Now so far we have talked about the cases where we're primarily
dealing close to the space station and the shuttle orbit, but in fact,
you can use these techniques for much Improvement in payload deliver to
very upper stage goiing onto higher energy orbits. That would appear to
be relatively straightforward; and it's a matter of working out a bunch
of conditions to see how you work this out, and how much you really
gain. We tend to fill up the cargo bay pretty heavily with a lot of
these things and with the chemical rockets so we may get into a question
of the amount of space taken up in the cargo bay by the tethers and
again this is very straightforward to visualize (Figs. 9 and 10).
$ SHUTTLETETHERFOR UPPER STAGE DEPL0'_'dF..NTO HIGHER ENERGY
ORBITS
• BENEFITS:
- INCREASEDPAYLOADDELIVERY
- LONER PROPELLANTREQUTREMENTS
• ISSUE:
- SHUTTLE ORBIT ENERGY AFTER PAYLOAD RELEASE TO BE ABOVE
ENTRY CONDITIONS
- SPACE IN CARGO BAY TO HOUSE TETHER
Figure 9. Shuttle Tether for Upper Stage Deployment to
HigherEnergyOrbits
GEO
S "_ OR
/ ESCAPE
/ WITH UPPER
/ STAGE
//9
__ SHUTTLE DOES
NOT RE_HTE R
@
Figure I0. Using Shuttle-Based Tether to Assist Launch of
Upper Stage for GEO or Interplanetary Orbits
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This is simply the case that we tended to think of two different
ways of doing these things, one where you are using only the shuttle for
this work. The other is where you're basing it on the space stations
(Figs. ii and 12). You are doing much the same thing except in the case
of the shuttle, you might be orbiting at the same time. In the case of
the space station, you might use longer tethers, later heavier installa-
tions and, therefore, get more performance then you would Just off the
shuttle.
0 BENEFITS: LOWER PROPULSION REQUIREMENTS FOR SPACE STATION
AND PAYLOAD (SYSTEM)
0 PRACTICALITY: MEDIUM
0 ISSUES:
- SPACE STATION CHANGING ORBIT
- INCREASED STATION POWER REQUIREMENTS
Figure Ii. Space Station Based Tether to Deploy Payloads
to Higher Orbits with Momentum Accumulator
/
/
/
Figure 12. Using Statlon-Based Tether to Assist GEO or Deep Space
Launch, Plus Electric Propulsion to Restore Orbit
In the game of changing angular momentums, you can, in fact,
theoretically change the orbit eccentricity without an expulsion mask.
You can do this by getting the vibration of the pair of tethered
devices. It doesn't happen as fast as shown here. In fact by rotating
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as you go, matchingthe periodof rotationto the sort of unnatural
periodthere_it turns out you can transferto angularmomentumof this
libratingsatellitebetweenthat and the basic orbit in such a way that
you Willchangethe perigeeand apogeewithoutchangingthe rest of it
(Figs.13 and 14). There is a possibilityhere of circularlzingorbits
or making themmore ellipticwithout,in fact, rejectingany mass. I'm
not sure I understandexactlyhow long thisklnd of maneuvertakes.
It's a relativelynew idea. It need substantiallymore thinkingthrough
beforeenoughpeopleare familiarwith thatone.
e BENEFITS: CHANGING ORBIT ECCENTRICITY WITHOUT EXPULSION OF
MASS
• PRACTICALITY: UNKNOWN
• ISSUES: PRINCIPLE ESTABLISHED BUT APPLICATION REQUIRES
FURTHER STUDY
Figure 13. Orbital Pumping
/ \
/ \
i \
I
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\ /
Figure 14. Modifying Orbital Energy and Eccentricity
by Geometry Variations
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Next is the case of puttlngalr dynamicsails out in the
atmosphereand uslng that for relativelylarge planechangesat low
altitudes(Figs.15 and 16). We think that is reallyprettypractical
becauseit takes a lot of work. What you are trylngto do is a very
difficultperformanceproductof making type plane changesat low
altitudes. There is a lot of thingsthat in this case have to be done.
You'vegot tethersallmaterials. You need to make measurementsto find
out what the value of L/D is. You worry about tetherdrag. You have to
understandhow rapidlyyou can do this becauseit is a slow process
comparedto the plane changesthat you could accomplishif you were
willlngto expend the rocketenerEy involved. In this case, there's
about three differentways of thlnklngabout it. You can do it in
varylngexperiments. You can do it with the shuttle;it°s unclear
whetherwe want to use this as a shuttlemaneuvertechniquebecausethe
sell requirementwould be a large satellite. Later there'salso the
case where you operationallydo this with the satellitethat you are
tryingto change to get in a littledifferentorbit. You don't push
this large a mass around. Then there is the case of the experiments
that you have to run and shouldrun to learn about this very high speed
regime. It is liableto requireway too many shuttleflightsand quite
possiblyis an excellentthine to be done in a space stationbecauseyou
have to do thismore than once or twice before you are confident.
• BENEFITS: INCLINATIONCHANGEWITH REDUCEDPROPELLANT,
ECCENTRICITYCHANGE. PROCESSPOLAR ORBITS
• PRACTICALITY: HIGH
• ISSUES:
- TETHERAND SAIL MATERIALSTO WITHSTANDHEATINGLOADS
- VALUE OF L/D
- TETHERDRAG
- SLOW MANEUVERIMPLEMENTATION
Figure15. AerodynamicSails for Plane Changeand Orbit Precision
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A HYPERSONIC AIRFOIL IS LOWERED INTO THE
UPPER ATMOSPHERE TO CHANGE THE ORBITAL
PLANE
Figure 16. Satellite Sail
Even after you'reway up there somewhere,you take Just a simple
case of the fact that you have a rocketthat has Justput a payload
somewhere. Not you have a spent rocket stage. You don't know what to
do with it. You can do some tetherwork and still get somemomentumout
of that and transportan orbltalpayload(Figs.17and 18). This is
sort of a generalizedtechnique.
• BENEFITS:
- EXHANCEDPAYLOADDELIVERY
- PROMPT,CONTROLLEDREENTRYOF SPEND STAGES
• PRACTICALITY: MEDIUM
• ISSUES:
- TETHER SYSTEMPLACEMENT
- ENTRY OF TETHER
Figure 17. TethersWhich Use AngularMomentumof Discarded
Stages to Boost Payloads
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Figure 18. Using Tethersto DiscardFirst Stagesor Apogee
Motorsand Get Some Boosters
There was sort of a naturalprogressionfrom early shortershuttle
to later longer shuttlesif you want to carry that to extremes. Really
there has been llttle thinkingabout what can be done in the various
planetaryprogramsor around the moon involvingshuttles. It would
appear theremight be a numberof things to get a closerobservationof
the bodieswith tetherssuspendedbelow the satellitepplay various
energymanagementgames. I don't think therehas been much thinking
here. In a lot of those cases as you get furtherfrom the earth,and in
a lot of caseswe are dealingwith shorterlower gravityfleldsyou tend
to run into longerand longer tethers. On the other hand, you are
dealing,in a lot of cases, this doesn'tincludeJupiter,with much
lower gravityfieldsand, therefore,the practicalityof buildingthe
tethersmay, at least materlals-wlse,come about earlierthan some of
the relativelyshort but highergravityfieldstethers. So it may be
that if you take this naturalprogression,the shorter,the longer,and
then some decadeyou get around to very long ones, this might not apply
in the planetarymaneuvercase. We think we ought to do some serious
thinkingabout that in the long run and that is the end of those cases
(Figs.19 and 20).
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• BENEFITS: CLOSE OBSERVATIONOF BODIES,ENERGY MANAGEMENTS
• PRACTICALITY: ?
• ISSUES: COSTS,OPERATIONS,CONSTRUCTION
Figure 19. PlanetaryAppl:Lcatlonsof Tethers
/
/
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TETHERS FOR !
INTERPLANETARY I
RESEARCH
OR MOON BASED __1 L2_"
TETHER ELEVATOR
Figure20. PlanetaryApplications
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0 HIGHLY RECOMMEND AGGRESSIVE TETHER DESIGN DEVELOPMENT
PROGRAM
0 DEVELOPMENT OF TETHER DYNAMIC CODES - USER FRIENDLY
0 MISSION/SYSTEM STUDIES RELATIVE TO TETHERED "WIND TUNNEL"
O DEFINITION/DEVELOPMENT STUDIES RELATIVE TO INSTRUMENTATION
0 CONCEPT FEASIBILITY STUDIES
Figure Ii. Recommendations
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